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OBJECTIVE 


Fabricate  and  test  the  AUSS  Mod  2  cylindrical  pressure  hull  that  would 
successfully  meet  the  outside  diameter,  inside  diameter,  length,  and  depth 
requirement  of  the  AUSS  vehicle. 


RESULTS 

The  AUSS  Mod  2  pressure-hull  assembly,  consisting  of  a  wet-wound  graphite 
Fiber  epoxy  composite  25.75-inch  (inside  diameter)  ID  x  30.75-inch  (outside  diameter) 
OD  x  65.0-inch  length  (L)  cylinder,  capped  with  adhesive-bonded  titanium  coupling 
rings,  and  closed  off  with  titanium  hemispherical  bulkheads  was  found  to  satisfy 
operational  requirements  of  the  autonomous,  deep-submergence  AUSS  vehicle.  The 
AUSS  Mod  2  pressure-hull  assembly  with  the  0.58  weight-to-displacement  ratio 
provides  the  vehicle  with  a  950-lb  positive  buoyancy.  The  weight-to-displacement 
ratio  of  the  composite  cylinder  with  titanium  coupling  rings,  but  without  the 
bulkheads,  is  only  0.48. 


RECOMMENDATIONS 

1.  Incorporate  the  composite  AUSS  Mod  2  cylindrical-hull  assembly  i.  to  the 
pressure  housing  of  the  AUSS  vehicle  for  service  to  a  20,000-foot  depth. 

2.  Apply  the  design,  materials,  and  fabrication  procedure  used  in  the  AUSS 
Mod  2  cylindrical  hulls  to  the  construction  of  deep-submergence  cylindrical  hulls  for 
remotely  operated  or  autonomous  vehicles  with  external  diameters  less  than  three 
feet. 


3.  Initiate  a  research  and  development  program  to  investigate  the  feasibility 
of  applying  the  AUSS  Mod  2  pressure-hull  design,  materials,  and  fabrication  proce¬ 
dures  to  the  construction  of  pressure  hulls  with  greater  length  and  external  diameter. 

4.  Develop  lightweight  graphite- fiber  epoxy  composite  hemispherical  bulk¬ 
heads  to  replace  the  heavy  titanium  bulkheads. 


INTRODUCTION 


The  Navy,  among  other  organizations  and  institutions,  is  very  interested  in 
acquiring  the  most  effective  and  efficient  submersibles  and  remotely  operated  vehicles 
(ROVs)  for  deep  submergence  operations.  The  three  factors  that  determine  if  such 
submersibles  or  vehicles  meet  mission  standards  are  the  following.  (1)  payload, 

(2)  operational  range,  and  (3)  speed.  Each  factor  is  a  direct  function  of  the  system’s 
buoyancy. 

Buoyancy  is  the  critical  issue.  Optimally,  buoyancy  is  provided  by  a  well- 
designed  pressure  hull.  If  the  buoyancy  provided  by  the  pressure  hull  is  inadequate, 
corrective  measures  are  taken.  However,  these  usually  reduce  the  effectiveness  of  the 
submersible  in  fulfilling  its  mission  task.  For  instance,  additional  buoyancy  can  be 
provided  by  attaching  blocks  of  syntactic  foam  or  soft-shell  tanks  filled  with  lighter- 
than-water  fluids  to  the  pressure  hull.  This  approach  has  an  overall  negative  impact 
on  system  cost  and  effectiveness. 

Thus,  the  design  and  materials  used  in  fabricating  pressure  hulls  are  of  criti¬ 
cal  concern.  The  optimization  of  shape  and  the  use  of  premium  material  in  the  con¬ 
struction  of  the  hull  are  required  to  obtain  a  pressure  hull  with  low  weight-to- 
displacement  ratio  (a  large  positive  buoyancy).  The  low  weight-to-displacement  ratio 
maximizes  payload  while  maintaining  optimum  range  and  speed.  For  instance,  as¬ 
sume  a  given  payload  volume  is  bound  by  the  interior  of  a  pressure  hull.  For  a  higher 
weight  material,  a  weightier  hull  might  require  additional  exterior  buoyancy,  thus 
changing  the  design  shape  and  propulsion,  speed,  and  range  capabilities.  A  lower 
weight,  high-strength  hull  material  could  permit  the  same  payload  volume  and  main¬ 
tain  optimum  range  and  speed.  The  choice  of  materials  is  limited  as  only  a  few  mate¬ 
rials  are  light  in  weight,  corrosion  resistant,  and  strong  in  compression. 

The  characteristics  of  premium  structural  materials  for  external  pressure 
housings  are  shown  in  Table  1,  and  housing-assembly  material  characteristics  in 
terms  of  design  pressure  and  of  weight-to-displacement  ratio  are  presented  in  Figures 
1  2,  and  3. 

A  quick  glance  at  the  numbers  is  sufficient  to  recognize  that  high-strength 
steel  dots  not  meet  the  rigid  requirements.  Stated  simply,  the  poor  weight-to- 
strength  ratio  will  sink  deep-submergence  vehicles  constructed  from  steel.  Other 
metallic  materials,  like  high-strength  aluminum  or  titanium  alloys,  result  in  buoyant 
pressure  hulls,  hut  their  buoyancy  is  inadequate  for  the  payload  requirements  of  a 
high-performance  vehicle. 

Only  glass,  ceramics,  and  fiber-reinforced  epoxy  composites  possess  the  poten¬ 
tial  of  providing  the  pressure  hull  for  a  20,000-foot  operational  depth  with  a  weight- 
to-displacement  ratio  less  than  0.5,  which  is  considered  to  be  the  minimum  acceptable 
ratio  for  high-performance  vehicles.  Small  (up  to  12  inches  in  diameter  and  02  inches 
in  length)  cylindrical  pressure  hulls  with  hemispherical  end  closures  fabricated  from 
04-percent  alumina  ceramic  have,  to  date,  undergone  more*  than  2000-pressure  cycles 
to  9000  psi  without  implosion  (References  l,  2,  3),  substantiating  the  potential  of 
ceramics  to  meet  the  0.5  weight-to-displacement  ratio  for  deep-submergence  pressure 
hulls.  There  is,  however,  an  industrial  capacity  limit  to  construction  of  alumina 
ceramic  cylindrical  and  spherical  pressure  hulls  with  diameters  in  excess  of  2f>  inches, 
and  a  technology  barrier  for  diameters  in  excess  of  10  feet.  For  glass  ceramics,  the 


industrial  capacity  limit  and  technology  barrier  for  cylinders  and  hemispheres  lies 
beyond  10  feet. 


Table  1.  Premium  structural  materials  for  external  pressure  housings. 


Material 

Weight 

(Ibs/in3) 

Compressive 
Strength  (kpsi) 

Strength 

Weight 

Safety 

Factor 

Steel  (HY80) 

0.283 

80 

280 

1.25 

Steel  (HY130) 

0.283 

130 

460 

1.25 

Aluminum  (7075-T6) 

0.10 

73 

730 

1.25 

Titanium  (GAL-4V) 

0.16 

125 

780 

1.25 

Glass  (PYREX) 

0.08 

100 

1250 

2.0 

Glass  Composite 

0.075 

100 

1330 

2.0 

Graphite  Composite 

0.057 

100 

1750 

2.0 

Beryllia  Ceramic  96% 

0.104 

225 

2160 

2.0 

Alumina  Ceramic  94% 

0.130 

300 

2310 

2.0 

Glass  Ceramic  (PYROCERAM  9606) 

0.093 

350 

3760 

2.0 

There  appears  to  be  no  industrial  capacity  limit  for  composites,  or  technologi¬ 
cal  barrier  for  fabrication  of  cylinders  in  any  size  with  deep-submergence  capability. 
To  date,  however,  only  small  (less  than  12  inches  in  diameter  and  24  inches  in  length) 
composite  cylindrical  pressure  hulls  have  been  fabricated  from  giass,  or  graphite- 
fiber-reinforced  epoxy  plastic  and  successfully  pressure  cycled  to  9000  psi  (References 
4  to  12).  Of  these  two  composites,  the  graphite-fiber-reinforced  plastic  (GFRP) 
cylinders  appear  to  be  the  only  ones  with  a  potential  of  meeting  the  0.5  weight-to- 
displacement  ratio  requirement  (Figure  4). 

The  GFRP  composite  was  chosen  by  NOSC  in  1982  for  the  fabrication  of  a  cy¬ 
lindrical  pressure  hull  for  the  Advanced  Unmanned  Search  System  (AUSS)  vehicle 
with  a  20,000-foot  operational  depth  (Figure  5)  based  on  the  following  criteria:  (1)  the 
favorable  test  results  from  the  small  size  GFRP  cylinder  (Reference  12);  (2)  existing 
industrial  capacity  to  fabricate  cylinders  up  to  10  feet  in  diameter  and  50  feet  in 
length;  and  (3)  absence  of  any  intrinsic  technological  barrier. 

The  requirement  for  a  cylindrical  pressure  hull  with  a  25.75-inch  ID  and  a  45- 
to  90-inch  L  seemed  to  fall  comfortably  within  the  industrial  fabrication  capability, 
and  the  scaling  up  of  fabrication  processes  developed  for  6-  to  8-inch  diameter 
cylinders  to  25-  to  30-inch  diameter  cylinders  appeared  to  be  within  the  scope  of 
existing  technology.  These  assumptions  turned  out  to  be  too  optimistic  and  it  was 
only  after  throe  changes  in  design,  two  contractors,  and  six  fabrication  attempts  that, 
in  1987,  the  efforts  were  crowned  with  success  (References  13,  14). 

This  report  summarizes  the  fabrication  and  testing  of  the  AUSS  Mod  2 
cylindrical  pressure  hull  with  a  30.75-inch  OD  x  25.75-inch  ID  x  a  65.0-inch  b  that 
successfully  met  the  20,000-foot  design  depth  requirement  of  the  AUSS  vehicle.  The 
0.477  weight/displacement  ratio  of  the  GFRP  cylindrical  pressure  hull  is  better  than 
the  minimum  acceptable  0.5  ratio  of  deep-submergence  pressure  hulls.  However, 
when  mated  with  titanium  hemispherical  end  closures,  its  wr  ‘  dU-to-displacement 


t 


•  •  • 
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ratio  increases  to  0.58.  Although  this  weight-to-displacement  ratio  does  not  meet  the 

0.5  requirement  of  deep-submergence  hulls,  it  is  the  lowest  ratio  achieved  to  date 

with  a  full-size  GFRP  pressure  housing  for  remotely,  or  autonomously  operated 

underwater  vehicles.  Replacement  of  titanium  end  closures  with  GFRP  end  closures  • 

should  lower  the  weight-to-displacement  ratio  to  0.5,  providing  that  lightweight 

GFRP  hemispherical  end  closures  are  developed  in  the  future. 


PRESSURE-HULL  DESIGN 

» 

The  AUSS  Mod  2  pressure-hull  design  for  the  AUSS  vehicle  consists  of  a 
GFRP  cylinder,  two  titanium  coupling  rings,  two  aluminum  split  clamps,  and  two 
titanium  end  bells  that  serve  as  pressure-resistant  bulkheads  (Figure  6). 

The  Mod  2  design  differs  from  Mod  1  design  (Figure  7)  by  having  the  ends  of 
the  GFRP  cylinder  totally,  instead  of  partially,  enclosed  by  the  seat  in  the  titanium  * 

coupling  ring.  By  enclosing  the  ends  totally,  instead  of  partially,  (1)  better  sealing  is 
achieved,  (2)  the  adhesive  is  restrained  from  extrusion,  (3)  the  ends  of  the  cylinder 
are  restrained  from  delamination,  and  (4)  stronger  bond  is  achieved  between  the  tita¬ 
nium  coupling  ring  and  the  GFRP  cylinder. 

ft 

CYLINDER 

The  30.75-inch  OD  x  25.75-inch  ID  x  65.0-inch  monocoque  cylinder  is  fabri¬ 
cated  from  GFRP  composite.  The  GFRP  composite  with  0.057  lb/cuhic  inch  density- 
results  in  a  cylinder  with  820  lb  weight  that  provides  the  hull  with  an  upward 

positive  buoyancy  of  966  lb  when  immersed  in  seawater.  The  0.459  weight-to-  • 

displacement  rutio  of  the  GFRP  cylinder  surpasses  the  goal  of  0.5  chosen  for  high- 
performance  deep-submergence  pressure  hulls.  When  the  cylinder  is  equipped  with 
titanium  coupling  rings,  its  weight-to-displacement  ratio  increases  to  0.477  which 
still  surpasses  the  minimum  goal  ratio.  The  0.477  weight-to-displacement  ratio 

represents  the  lowest  ratio  reached  to  date  with  a  full-scale  GFRP  cylindrical  I 

pressure-hull  assembly  (cylindrical  GFRP  hull  with  titanium  coupling  rings)  for  an 
unmanned  vehicle  with  9000- psi  design  pressure. 

The  ends  of  the  cylinder  are  machined  flat  within  0.005  inch  and  parallel  to 
each  other  within  0.010  inch  (Figure  8)  Since  the  GFRP  din's  not  lend  itself  to 

machining  of  grooves  for  sealing  with  o-rings,  or  joining  with  split  wedge  clamps,  tin-  • 

ends  of  the  cylinder  are  encased  in  titanium  coupling  rings  securely  bonded  to  the 
composite  (Figure  9). 

The  cylinder  wall  thickness  of  2.5  inches  has  been  selected  on  the  basis  of 
60,750-psi  compressive  stress  in  hoop  direction  on  the  interior  surface  at  midhay  and 
32.250  ps»  compressive  stress  in  axial  direction  on  the  exterior  surface  at  mirlhay  • 

under  900o-psi  design  pressure  If  the  compressive  strength  of  the  composite  in  hoop 
direction  exceeds  120,000  psi  as  specified,  the  cylinder  will  not  implode  due  to 
material  failure  at  pressures  below  18,000  psi  The  0  097  thickncss-to-interior 
diameter  ratio  also  provides  the  monocoque  GFRP  cylinder  with  a  critical  instability 
pressure  rating  in  excess  of  30,000  psi  even  when  it  is  not  radially  supported  at  its 
ends.  The  high  critical  pressure  provides  more  than  adequate  ma  rgin  of  safety  against 
elastic  instability  at  the  pressures  below  18,000  psi. 


ft 


ft 
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COUPLING  RINGS 


The  function  of  the  titanium  coupling  rings  Mod  2  is  the  following:  (1)  protect 
the  ends  of  the  GFRP  cylinder  from  splitting,  (2)  serve  as  a  smooth  seal  surface  for 
the  cylinder  end;  (3)  provide  a  hard  bearing  surface  for  radial  and  axial  support  of  the 
cylinder  ends;  and  (4)  act  as  a  mechanical  coupling  device  between  the  titanium  end 
bells  and  the  cylinder  (Figure  9).  Titanium  was  selected  as  structural  material  to 
match  the  modulus  of  elasticity  and  compressive  strength  of  GFRP. 

Lugs  on  the  interior  surface  of  the  coupling  rings  serve  as  attachment  points 
for  rails  connecting  the  coupling  rings.  These  rails  support  the  cage  to  which  payload 
components  are  subsequently  mounted.  Specially  formulated  epoxy  adhesive  was 
selected  for  bonding  the  coupling  rings  to  the  GFRP  cylinder.  The  radi  clearances 
between  the  walls  of  the  seat  cavity  in  the  coupling  ring  and  the  surfaces  of  the  cylin¬ 
der  were  kept  to  less  than  0.030  inch  tc  minimize  ext  rusion  of  epoxy  tr-  ugh  the 
annular  spaces  when  the  epoxy  layer  is  exposed  to  high-compressive  bc<  ng  stress. 

The  Mod  2  coupling  rings  differ  from  Mod  1  rings  (Figure  10)  u.--  d  with  the 
AUSS  Mod  1  pressure  hull  in  two  ways;  (t)  the  seat  on  the  couplin''-  lf>  encloses  the 
end  of  the  cylinder  totally  instead  of  partially,  and  (2)  the  attachm  it  lugs  for  inte¬ 
rior  rails  present  a  smaller  discontinuity  on  the  interior  surface  oi  the  ring. 

The  titanium  coupling  ring  weighs  50  lb,  resulting  in  a  -negative  buoyancy  of 
13.  If  7075-16  aluminum  alloy  is  substituted  for  the  6A14Va  titanium  alloy,  the 
weight  of  the  coupling  ring  would  decrease  to  32  ib  resulting  in  a  positive  buoyancy 
of  5  lb.  Use  of  hard  coatings  on  the  aluminum  surfaces  could  minimize  corrosion  in 
service.  Substitution  of  aluminum  for  titanium  in  the  coupling  rings  is,  however,  not 
recommended  for  the  AUSS  cylinder  as  the  vehicle  will  be  exposed  to  a  marine  envi¬ 
ronment  for  extended  periods  of  time  and  the  frequent  disassembly  and  reassembly  of 
the  vehicle  for  charging  of  batteries  will  remove  the  protective  coatings  from  the  joint 
surface,  causing  it  to  corrode. 


END  BELL 

Two  hemispherical  end  bells  serve  as  lightweight  bulkh  ds  for  the  GFRP 
cylindrical  pressure  hull  (Figures  1 1,  12).  The  bells  were  east  from  6AM Va  titanium 
alloy  and  subsequently  machined  both  on  the  exterior  and  interior  surfaces  by 
OREMET,  Albany,  Oregon.  Castings,  instead  of  forgings,  were  chosen  because  it 
resulted  in  substantial  cost  savings  while  at  the  same  time  provided  a  guaranteed 
compressive  yield  strength  of  125,000  psi. 

GFRP  composite  also  was  considered  for  this  application  as  it  had  the  poten¬ 
tial  of  resulting  in  a  lighter  end  bell  However,  economical  manufacturing  technique- 
were  not  found  that  would  guarantee  predictable  structural  performance  of  a  GFRP 
hemisphere  under  external  design  stress  of  50,000  psi.  This  is  the  minimum  stress 
level  at  which  a  GFRP  hemisphere  (equipped  with  titanium  penetration  inserts  and 
coupling  ring)  becomes  weight  competitive  with  an  optimally  proportioned  formed 
titanium  end  bei!  that  has  been  designed  with  a  1.25  safety  factor. 

The  cast-titanium  end  bells  were  designed  with  a  1.5  safety  factor  as  there 
were  some  doubts  about  the  accuracy  of  the  design  calculations  and  the  ability  of  the 
fabricator  to  maintain  the  tight  dimensional  tolerances  specified  for  the  spherical 
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surfaces.  Each  of  the  cast-titanium  end  bells  was  provided  with  8  holes  whose 
diameters  range  from  1.125  to  1.875  inches.  These  holes  are  subsequently  plugged 
with  electrical  and  hydraulic  bulkhead  penetrators.  If,  in  the  future,  the  AUSS 
vehicle  requires  a  larger  number  of  bulkhead  penetrators,  the  number  of  holes  in  each 
end  bell  can  be  increased  from  8  to  16. 

The  equatorial  edge  of  the  end  bell  incorporates  a  flange  that  provides  axial 
and  radial  support  to  the  coupling  ring  on  the  GFRP  cylinder.  A  separate  equatorial 
ridge  serves  as  the  retainer  for  composite  fairing  (Figure  6).  The  end  bells  are 
clamped  to  the  coupling  rings  on  the  GFRP  cylinder  with  a  split  clamp  band  made 
out  of  aluminum.  Some  weight  and  cost  savings,  as  well  as  decrease  in  corrosion, 
could  be  achieved  by  substituting  molded  Kevlar-fiber-reinforced  plastic  for  alumi¬ 
num  clamp  bands. 

The  cast-titanium  end  bells  weigh  approximately  218  lb  and  displace  234  lb 
each.  This  results  in  a  positive  buoyancy  for  each  end  bell  of  only  approximately  16  lb 
each.  The  calculated  weight-to-displacement  ratio  for  both  end  bells  is  0.93,  signifi¬ 
cantly  less  than  that  of  the  GFRP  cylinder.  This  weight-to-displacement  ratio  could 
be  reduced  approximately  to  0.70  by  optimizing  the  design  and  increasing  the  peak 
design  stress  to  100,000  psi  at  9000-psi  design  pressure.  Further  reduction  in  weight 
cannot  be  achieved  because  of  the  many  reinforcements  around  penetrations. 

CLAMP  BANDS 

Spit  clamp  bands  (Figure  13)  with  inclined  bearing  surfaces  are  used  for 
attachment  of  the  titanium  end  bells  to  the  titanium  coupling  rings  bonded  to  the 
ends  of  the  GFRP  cylinder  (Figure  6).  The  two  bands  were  fabricated  from  6061-T6 
aluminum  alloy  to  minimize  fabrication  costs  while  at  the  same  time  keep  down  the 
weight  increase  of  the  vehicle  to  only  20  lb.  Since  the  total  displacement  of  clamp 
bands  is  7  lb,  their  presence  adds  a  negative  buoyance  of  13  lb  to  the  pressure  hull. 
The  galvanic  corrosion  due  to  contact  with  titanium  was  not  considered  to  be  a 
serious  drawback  as  seriously  corroded  clamps  can  be  replaced  often,  and  econom¬ 
ically,  with  new  ones. 
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STRUCTURAL  EVALUATION 

The  structural  evaluation  of  the  AUSS  Mod  2  pressure-hull  design,  composite  ft 

material  selection,  and  fabrication  process  was  performed  in  two  stages. 

Stage  One:  A  1:4.95  model-scale  GFRP  cylinder  (Figures  14,  15)  was  to  be 
fabricated  by  Martin  Marietta  Energy  Systems  using  the  design,  composite 
constituents,  and  fabrication  process  selected  for  the  full-scale  AUSS  Mod  2  cylinder 
This  model-scale  cylinder  would  subsequently  be  outfitted  at  NOSC  with  titanium  • 

end  rings  (Figure  16)  and  end  bells  (Figure  17)  to  simulate  the  AUSS  Mod  2  pressure- 
hull  assembly.  The  model-scale  pressure  hull  would  then  be  instrumented  and 
pressure  cycled  100  times  to  9000-psi  design  pressure.  The  hydrostatic  pressure 
testing  would  culminate  with  a  proof  test  to  10,000  psi,  followed  by  an  implosion  test 
If  the  performance  of  the  model-scale  pressure  hull  during  hydrostatic  pressure  ^ 

testing  was  acceptable,  a  decision  would  be  made  to  proceed  with  the  fabrication  of 
the  full-scale  AUSS  Mod  2  pressure  hull. 
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Stage  Two:  A  full-scale  GFRP  cylinder  would  be  fabricated  by  Martin  Marietta 
Energy  Systems  utilizing  the  same  composite  constituents  as  in  the  model-scale 
cylinder.  Whenever  feasible,  the  fabrication  process  would  follow  the  parameters  and 
utilize  the  procedures  developed  during  the  fabrication  of  the  model-scale  cylinder.  0 

The  completed  cylinder  would  be  equ  ppod  at  NOSC  with  titanium  coupling  rings  and 
end  bells  and,  after  instrumentation  with  electric  resistance  straingages  and  acoustic- 
emission  transducers,  would  be  subjected  to  an  extensive  test  program.  During  this 
test  program,  the  AUSS  Mod  2  pressure  hull  would  be  subjected  to  10,000-psi  proof 
pressure,  followed  by  10  pressure  cycles  to  design  pressure  of  9000  psi.  If  the  AUSS 
Mod  2  pressure  hull  performs  successfully  during  pressure  testings,  the  GFRP  • 

cylinder  would  be  considered  to  have  mot  the  structural  performance  requirements  of 
an  unmanned  vehicle  with  a  20,000-i'oot  design  depth. 

EVALUATION  OF  MODEL-SCALE  AUSS  CYLINDER 

FABRICATION  OF  MODEL-SCALE  AUSS  CYLINDER 

The  6.34-inch  OD  x  5.320-inch  ID  x  13.42-inch  L  model-scale  cylinder  was 
entirely  wet-wound  (Figures  18,  19)  from  Hercules  IM6-G-12k  carbon  fiber  tow  and 
ERL  2258-mPDA  epoxy  resin.  The  precise  cylinder  layup  schedule  is  shown  in  Figure 
20.  The  layer  thicknesses  indicated  in  Figure  20  are  the  target  values  that  were  used  * 

in  the  design  iteration.  To  decrease  the  magnitude  of  stresses  in  the  cylinder,  a  2.4:1 
ratio  was  initially  selected  for  the  layers  of  fibers  with  90/0  degree  orientation  in  the 
first  40  percent  of  wall  thickness,  followed  by  a  1.97:1  ratio  for  the  remaining  60  per¬ 
cent  of  wall  thickness.  The  final  fiber  orientation  ratios  selected  for  the  construction 
of  the  model-scale  AUSS  cylinder  were  2.5: 1  in  the  first  35  percent  of  thickness,  fol-  9 

lowed  by  a  2:1  ratio  for  the  remaining  65  percent  of  wall  thickness  (Reference  15,  Ap¬ 
pendix  A).  These  values  were  based  on  measurement  obtained  in  previous  process 
trials  by  Martin  Marietta  Energy  Systems,  Inc. 

The  cylinder  fabrication  was  divided  into  three  stages  in  which  approximately 
one-third  of  the  total  wall  thickness  was  wound  and  fully  cured  at  a  time.  The  layup  9 

stopping  points  between  fabrications  were  adjusted  to  occur  at  the  middle  of  a  hoop 
layer  and  are  indicated  in  Figure  20.  After  each  stage  was  wound,  the  composite  was 
precured  without  removal  from  the  mandrel  for  a  minimum  of  16  hours  at  120  to 
130°F  to  gel  the  epoxy  resin.  Once  the  composite  jelled,  the  mandrel  with  the  GFRP 
cylinders  were  removed  from  the  winding  machine,  placed  in  an  oven,  and  cured  for  2 
hours  at  185°F  and  4  hours  at  300°F.  * 

The  measured  density  of  the  model-scale  AUSS  cylinder  composite  is  0.563-lb 
per  cubic  inch.  The  estimated  average  composition  of  the  cylinder  is  65  to  67  volume 
percent  IMG  fiber.  The  longitudinal  modulus-to-density  ratio  of  the  cylinder  was 
experimentally  determined  to  be  155E6  lb(  -in/ibm  via  an  acoustical-frequency  tech¬ 
nique.  Based  on  the  preceding  information,  the  cylinder’s  longitudinal  modulus  is  * 

8.76E6  psi.  Visual  inspection  of  the  cylinder  ends  shows  the  individual  layers  to  be  of 
uniform  thickness,  tightly  packed,  free  of  wrinkles  and  resin-rich  areas  (Figures  21 
and  22).  The  thickness  of  hoop-  and  axml-oriented  fiber  lam i mis  did  noi  deviate  signi¬ 
ficantly  from  the  thickness  values  specified  in  the  fabrication  drawing  (Figure  20). 

An  estimate  of  the  cylinder's  circumferential  and  longitudinal  modulus  was  * 

made  using  a  2-D  laminate  code  called  CLASS.  Based  on  the  cylinder  layup  and 
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estimated  composition,  CLASS  predicts  that  the  cylinder  circumferential  modulus  is 
16.7G6  psi  and  the  longitudinal  modulus  is  8.5E6  psi. 

A  comparison  between  the  CLASS-predicted  longitudinal  modulus  and  the 
experimentally  measured  longitudinal  modulus  of  8.7E6  psi  shows  a  fairly  good  agree¬ 
ment  between  the  two  values.  In  addition,  based  on  the  calculated  stresses  on  the  in¬ 
ternal  surface  of  the  AUSS  subscale  cylinder  at  10,0000-psi  external  pressure,  CLASS 
predicts  that  the  circumferential  and  longitudinal  strains  are  respectively  -3880  and 
-3742  in/in,  respectively. 

The  weight-to-displacement  ratio  of  the  model-scale  7.0-lb  AUSS  cylinder 
equipped  with  titanium  end  rings  weighing  0.833  lb  was  0.48.  When  the  ends  of  the 
cylinder  were  closed  off  with  the  titanium  model-scale  hemispheres  weighing  2.971  lb, 
the  weight-to-displacement  ratio  of  the  model-scale  AUSS  pressure-housing  assembly 
increased  to  0.528.  This  weight-to-displacement  ratio  fails  to  meet  the  0.5  minimum 
ratio,  but  is  stiil  close  enough  to  it  to  make  this  pressure-housing  design  acceptable 
for  an  AUSS  vehicle. 

A  second,  dimensionally  identical  model-scale  AUSS  Mod  2  cylinder  was  wet 
wound  utilizing  S2  glass  fibers  instead  of  IM6  graphite  fibers.  The  glass-fiber- 
reinforced  plastic  (GRP)  model-scale  AUSS  Mod  2  cylinder  provided  a  loss  costly,  and 
less  difficult  alternate  approach  to  the  construction  of  the  full-scale  AUSS  Mod  2 
hull.  The  GRP  model-scale  AUSS  Mod  2  cylinder  would  also  be  instrumented  and 
tested  to  destruction  to  validate  the  alternate  construction  method  (Appendix  B). 

If  both  the  GFRP  and  GRP  model-scale  AUSS  Mod  2  cylinders  performed 
successfully  under  9000-psi  design  pressure,  only  the  GFRP  construction  would  be 
considered  for  the  construction  of  the  full-scale  AUSS  Mod  hull.  The  weight-to- 
displacement  ratio  of  the  GRP  model  scale  cylinder  is  significantly  higher  than  that 
of  the  GFRP  model-scale  cylinder.  The  weight-to-displacement  ratio  of  the  GRP  hull 
is  0.626  for  bare  cylinder,  0.685  for  cylinder  with  titanium  end  rings  (Figure  16),  and 
0.695  for  cylinder  with  titanium  end  rings  and  end  closures  (Figure  17). 

Only  if  the  performance  of  the  GFRP  model-scale  cylinder  was  found  to  be 
unacceptable  would  the  GRP  construction  be  considered  for  construction  of  the  full- 
scale  AUSS  Mod  2  hull.  The  48-percent  larger  weight-to-displacement  ratio  of  the 
GRP  cylinder  would  necessitate  increasing  the  length  of  the  pressure  hull  by  70 
percent,  which  would  severely  restrict  the  dynamic  performance  of  the  AUSS  vehicle 
in  accomplishing  bottom  surveillance  missions. 

INSTRUMENTATION  OF  THE  MODEL-SCALE  AUSS  CYLINDER 

The  model-scale  AUSS  cylinder  of  GFRP  composite  was  instrumented  on  its 
interior  surface  with  20  electric  resistance  straingages  (Figure  23).  The  objective  of 
this  instrumentation  was  to  do  the  following  (1)  detect  incipient  elastic  instability, 

(2)  measure  the  magnitude  of  mismatch  in  radial  contraction  between  the  cylinder 
and  bulkheads  when  pressurized,  and  (3)  measure  the  magnitude  of  creep  in  GFRP 
composite  under  sustained  design  pressure. 

In  addition,  an  acoustic-emission  detector  was  placed  inside  the  pressure¬ 
housing  assembly  to  monitor  the  acoustic  emissions  generated  inside  the  GFRP  com¬ 
posite  by  external  hydrostatic  loading. 
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The  instrumentation  leads  from  the  acoustic-emission  detector  and  the  electric 
resistance  straingages  subsequently  would  be  fed  from  the  interior  of  the  model-scale 
AUSS  pressure-housing  assembly  to  its  exterior  through  custom-made  bulkhead 
penetrators  designed  to  withstand  10,000-psi  external  pressure.  The  other  end  of  the 
instrumentation  leads  would  be  fed  through  another  bulkhead  connector  designed  to 
fit  into  the  cover  of  the  deep-ocean  pressure  simulator. 

PRESSURE  TESTING  OF  MODEL-SCALE  AUSS  PRESSURE 
HOUSING 

The  GFRP  model-scale  cylinder  was  converted  into  a  pressure  housing  by 
bonding  titanium  end  rings  to  its  ends  and  closing  off  the  cylinder  with  titanium 
hemispherical  bulkhead  (Figures  24  to  26).  The  titanium  hemispheres,  model-scale 
versions  of  the  bulkheads  for  a  full-scale  AUSS  pressure  hull,  were  equipped  with 
penetrations  that  accommodated  the  bulkhead  penetrators  with  instrumentation 
leads  (Figure  27).  The  assembled  model-scale  AUSS  pressure-housing  assembly  was 
placed  inside  a  deep-ocean  pressure  simulator  and  the  instrumentation  leads  were  fed 
to  the  exterior  of  the  vessel  through  a  bulkhead  penetrator  in  the  pressure-vessel  end 
closure. 

The  pressure  testing  of  the  model-scale  AUSS  pressure-housing  assembly  was 
accomplished  by  filling  the  interior  of  the  pressure  vessel  with  tap  water  and  pressure 
cycling  it  with  an  air-operated  pump  to  the  desired  pressure  level.  The  first  pressure 
cycle  consisted  of  pressurizing  the  test  assembly  to  10,000-psi  proof  pressure,  main¬ 
taining  this  pressure  for  60  minutes,  dropping  the  pressure  to  0  psi,  and  allowing  the 
assembly  to  relax  for  60  minutes  before  commencing  with  pressure  cycling  to  9000-psi 
design  pressure.  Strains  and  acoustic  emissions  were  recorded  at  1000-psi  intervals 
during  pressurization,  and  at  15-minute  intervals  during  sustained  pressure  loading 
and  relaxation. 

The  pressure  cycles  to  9000-psi  design  pressure  were  of  60-minute  duration 
(3C  minutes  of  sustained  loading  at  9000  psi  followed  by  30  minutes  of  relaxation  at  0 
psi).  Strains  were  read  only  during  the  first  and  last  cycles.  The  test  assembly  was 
submitted  to  a  total  of  100  cycles.  Acoustics  emissions  were  monitored  continually. 

The  cyclic  testing  concluded  with  pressurizing  the  test  assembly  to  destruc¬ 
tion.  For  this  test,  the  titanium  spherical  bulkheads  were  replaced  with  flat  steel 
bulkheads  whose  critical  pressure  exceeded  that  of  the  GFRP  cylinder  (Figures  28 
and  29/. 

RESULTS  OF  MODEL-SCALE  AUSS  PRESSURE-HOUSING  TESTS 
Strains 

The  ma'  :*num  strains  on  *he  GFRP  cylinder  assembly  were  recorded  on  its 
interior  surface  at  midbay  in  noop  direction  (Table  2).  T*  eir  magnitude  at  10,000-psi 
hydrostatic  pres'  j.e  varied  from  -3880  to  -4150  microir  ches/inch  (Figure  30).  The 
axial  strains  at  the  same  locations  varied  from  -3400  tu  -3500  microinches/inch.  The 
observe  1  creep  was  only  30  microinches/inch  ufler  60  minutes  of  sustained 
pressurization  at  10,000  psi. 
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The  hoop  strains  at  the  ends  were  only  somewhat  smaller,  averaging  -3500 
microinches/inch.  No  creep  was  observed  at  the  ends.  (Figure  31). 

The  comparison  between  the  CLASS  computer  program  predicted  strains  and 
the  measured  strains  is  good.  The  predicted  -3880  microinches/inch  hoop  and  -3742 
microinches/inch  axial  strains  compare  well  with  the  measured  average  hoop  strain 
of -3977  and  axial  strain  of  -3442  microinches/inch  on  the  interior  surface  at  mid¬ 
bay.  The  predicted  hoop  16.7  x  10®  and  axial  8.5  x  10®-psi  moduli  of  elasticity  also 
correlate  well  with  the  17.2  x  lO^psi  and  8.7  x  10®-psi  moduli  of  elasticity  calcu¬ 
lated  on  the  basis  of  experimentally  measured  strains. 

Based  on  the  inspection  of  recorded  strains  one  may  conclude  that: 

(1)  Hemispherical  end  closures  are  well  matched  elastically  to  the  cylinder;  the 
hoop  strains  at  the  ends  of  the  cylinder  differ  by  only  12  percent  from  those  at 
midbay. 

(2)  The  hoop-to-axial  fiber  layup  ratio  of  approximately  2.2:1  selected  for  the 
winding  of  the  model-scale  AUSS  cylinder  is  approximately  correct  as  the 
hoop  strains  at  midbay  differ  from  the  axial  strains  only  by  13  percent.  With 
an  ideal  fiber  layup,  the  magnitude  of  hoop  and  axial  strains  would  be  the 
same. 

(3)  There  is  no  creep  or  incipient  elastic  instability  at  10,000-psi  proof  pressure 
since  the  recorded  hoop  strains  around  the  circumference  of  the  cylinder  at 
midbay  were  very  uniform  and  experienced  no  measurable  increase  under 
sustained  loading. 

Acoustic  Emission 

The  number  of  acoustic  events  increased  linearly  with  pressure  during  the 
first  pressure  cycle  to  10,000  psi.  During  subsequent  pressure  cycling  to  9000  psi,  the 
number  of  events  during  each  cycle  was  repetitive,  and  significantly  less  than  during 
the  first  cycle.  There  was  no  sudden  increase  in  acoustic  emissions  prior  to  critical 
failure  during  implosion  testing. 

Material  Failure 

The  GFRP  model-scale  AUSS  cylinder  assembly  imploded  catastrophically  at 
12,600  psi.  The  strains  at  midbay  were  linear  to  the  moment  of  implosion,  indicating 
that  the  implosion  was  not  caused  by  elastic  instability  (Figures  32,  33).  The  calcu¬ 
lated  stresses  at  midbay  prior  to  implosion  were  -85,000  in  hoop  and  -36,500  in  axial 
direction.  It  is  postulated  that  the  implosion  (Figure  34)  was  triggered  by  uneven 
sliding  of  the  titanium  end  rings  upon  the  fiat  steel  plates.  With  elastically  matched 
bulkheads,  the  critical  pressure  of  the  GFRP  cylinder  is  calculated  to  be  in  excess  of 
15,000  psi. 
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Table  2.  Strains  on  the  interior  surface  of  AUSS  model-scale  GFRP  cylinder  ETAC  Mod  1  Sn  1 
under  hydrostatic  proof  test  to  10,000  psi. 
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NOTES:  1.  The  s train  readings  during  subteined  pressurization  at  10,000  psi 

and  0  psi  levels  were  taken  at  10  minute  intervals 
2.  Ends  of  the  cylinder  were  simply  supported  by  titanium  end  bells 


Table  2.  (continued)  Strains  on  the  interior  surface  of  AUSS  model-scale  GFRP  cylinder  ETAC 
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Table  2.  (continued)  Strains  on  the  interior  surface  of  AUSS  model-ecale  GFRP  cylinder  ETAC 
Mod  1  Sn  1  under  hydrostatic  proof  test  to  10,000  psi. 
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DISCUSSION 

The  alternate-model-scale  AUSS  Mod  2  cylinder  wet  wound  from  S2  glass  also 
successfully  withstood  the  proof  test  to  10,000  psi,  and  cyclic  pressure  tests  to  9000 
psi.  The  average  of  recorded  strains  on  the  interior  surfaces  of  the  cylinder  during 
proof  test  to  10,000  psi  was  -7600  and  -3700  microinches  in  hoop  and  £u*al  direc¬ 
tions  at  midbav.  and  -5500  and  -3000  in  hoop  and  axial  directions  at  the  ends.  Based 
on  these  strains  the  moduli  of  elasticity  in  hoop  and  axial  directions  are  estimated  to 
be  8.2  x  10®-psi  and  6.6  x  10*-psi,  respectively  (Appendix  B>. 

Because  the  glass-fiber-reinforced  cylinder  has  a  lower  modulus  of  elasticity  in 
both  hoop  and  axial  o-ientations  than  the  graphite-fiber-reinforced  cylinder,  the  mag¬ 
nitude  of  radial  support  provided  by  the  titanium  end  closures  to  the  cylinder  ends  is 
much  larger  than  for  graphite-reinforced  cylinder.  Thus,  the  decrease  in  hoop  strain 
at  the  end  of  the  GRP  cylinder,  due  to  radial  support  provided  by  the  end  closure,  is 
28  percent,  while  in  the  GFRP,  the  decrease  in  hoop  strain  at  the  same  location  is 
only  9  percent. 

When  the  GRP  cylinder  was  equipped  with  flat  plate  bulkheads  (Figure  28),  an 
attempt  was  made  to  pressurize  it  to  destruction.  However,  the  GRP  cylinder 
withstood  17,500  psi  without  implosion  (Appendix  B).  When  compared  to  the 
12,600-psi  implosion  pressure  of  the  GFRP  cylinder,  a  postulate  can  be  formulated 
that  the  GRP  composite  in  dimensionally  identical  cylinders  has  approximately 
40-percent  higher  compressive  strength  than  the  GFRP  composite.  Therefore,  the 
GRP  should  be  preferred  for  construction  of  external  pressure  hulls,  providing  that 
the  48-percent  increase  in  weight-to-displacement  ratio  does  not  significantly  degrade 
the  operational  performance  of  the  vehicle  (Table  3). 

The  tradeoff  between  the  glass-  and  carbon-fiber-reinforced  composite*^  for 
external  pressure-hull  construction  becomes  further  complicated  when  the  cost  of 
fabrication  and  material  is  included  in  the  tradeoff  process.  The  fabrication  cost  of  a 
GRP  cylinder  was  found  to  be  approximately  10-percent  less  than  that  of  a  GFRP 
cylinder  with  the  same  payload  capability. 

Thus,  it  appears  that  if  the  vehicle  can  tolerate  the  70-percent  increase  in  the 
cylindrical-hull  length  needed  to  compensate  for  the  48-percent  increase  in  weight-to- 
displacement  ratio,  the  GRP  construction  is  a  better  choice.  The  resulting  hull  with 
the  same  wall  thickness  will  be  40-percent  stronger,  and  10-percent  less  expensive  to 
fabricate. 

Since  the  AUSS  vehicle  design  cannot  operationally  tolerate  a  70-percent 
increase  in  cylindrical-hull  length  in  order  to  provide  the  GRP  cylinder  with  the  same 
payload  capability  as  the  AUSS  Mod  2  GFRP  cylinder,  the  GRP  construction  is  con¬ 
sidered  unsuitable  for  fabrication  of  the  AUSS  vehicle  pressure  hull.  The  glass-rein¬ 
forced  plastic  composite,  although  not  chosen  for  the  AUSS  vehicle  because  of 
operational  considerations,  should  be  seriously  considered  for  any  other  deep-submer¬ 
gence  vehicle  that  does  not  require  (for  its  operational  scenarios)  the  dynamic  agility 
that  only  can  be  achieved  with  the  lighter  and,  therefore,  shorter  cylindrical  GFRP 
hulls. 
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Table  S.  Comparison  of  test  results  from  model-scale  AUSS  Mod  2  cylinders. 


Models 

Graphite-Fiber 

Epoxy  Composite 
Model  1 

Glass-Fiber 
Epoxy  Composite 
Model  2 

Material  Systems 

IM6/2258 

S2/2258 

Fiber  Orientation 

(90°/0°) 

(90°/0°) 

Fiber  Distribution 

2.4:1  inside  35  percent 
of  thickness 

1.9:1  outside 

2.0:1 

Fiber  Content 

67  percent 

75  percent 

Fabrication  Process 

wet  winding 

wet  winding 

No.  of  Cure  Cycles 

5 

5 

Dimensions:  I.D.;  Thickness; 
Length 

5.30";  0.52";  13.4" 

5.30";  0.52";  13.4" 

Weight  of  the  cylinder  (lb) 

7.0 

10.4 

W/D  Ratio 

•  Cylinder  only 

0.415 

0.626 

•  With  Ti  End  Rings 

0.480 

0.685 

•  With  Ti  End  Rings  and 
Hemiheads 

0.529 

0.695 

Maximum  Pressure,  lb/in2 

12,600 

17,500 

Maximum  Stresses,  lb/in2 

85,000 

116,214 

Remarks 

Model  failed 

Model  is  not 
broken  yet. 

Testing  Configurations 

Model  was  tested  with 
hemiheads  up  to  9,000 
psi  and  then  tested  to 
failure  with  flat-plate 
end  closures. 

Model  was  tested  with 
hemiheads  up  to  9,000 
psi  and  then  tested  to 
failure  with  flat-plate 
end  closures. 
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CONCLUSION 

The  successful  performance  of  the  GFRP  model-scale  AUSS  pressure-housing 
assembly  during  proof  test  to  10,000  psi,  and  subsequent  cycling  to  design  pressure  of 
9000  psi  indicates  that  the  design,  materials,  fiber  layup  schedule,  and  fabrication 
procedure  proposed  for  the  GFRP  full-scale  AUSS  cylindrical  hull  resulted  in  a 
model-scale  cylinder  that,  if  scaled  up  properly,  would  meet  the  operational  require¬ 
ments  of  the  full-size  AUSS  vehicle.  Based  on  this  finding,  it  was  decided  to  proceed 
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with  the  fabrication  of  the  AUSS  Mod  2  full-scale  GFRP  cylindrical  hull  utilizing  the 
design,  materials,  fiber  layup  schedule,  and  fabrication  procedure  that  were 
experimentally  evaluated  on  the  model-scale  cylinder. 

FABRICATION  OF  FULL-SCALE  AUSS  MOD  2  HULL 

LAYUP  AND  CONSTRUCTION 

The  AUSS  pressure  vessel  is  constructed  entirely  from  wet-wound  Hercules 
IM6G  12-k  carbon  fiber  which  has  a  nominal  tensile  modulus  of  40  x  10®  psi.  The 
winding  resin  is  ERL  2258  muted  with  25  phr  (parts  per  hundred  grams  of  resin) 
meta-phenylene  diamine  (MPDA)  hardener. 

The  laminate  stacking  sequence  of  the  cylinder  is  shown  in  Table  4.  The  layer 
thicknesses  indicated  in  Table  4  are  the  values  that  were  used  in  the  design  iteration 
and  are  based  on  measurements  obtained  in  previous  process  trials.  The  hoop  (90 
degrees)-to-axial  (0  degree)  fiber  ratio  from  the  cylinder  ID  to  approximately  40  per¬ 
cent  (1  inch)  of  the  wall  thickness  is  nominally  2.5:1;  a  2.0:1  hoop-to-axial  fiber  ratio 
is  employed  for  remainder  of  the  cylinder  wall  thickness.  The  overall  hoop  to  axial 
(the  fiber  ratio  for  the  composite  cylinder)  is  2.2:1. 

TOOLING 

The  composite  was  filament  wound  on  a  25.750-inch  diameter,  95-inch  long 
aluminum  mandrel,  which  is  shown  chucked  in  the  winding  machine  in  Figure  35.  A 
pin  ring  (Figure  36)  was  screwed  to  each  end  of  the  mandrel  in  order  to  keep  the  wet- 
wound  axial  fibers  from  slipping  around  the  corners  of  the  mandrel  after  being  laid 
down,  and  as  the  mandrel  rotated. 

The  pin  rings  resemble  giant  gears  with  nominally  0.35-inch  deep  teeth  cut 
from  around  their  circumferences.  Their  function  is  for  the  teeth  to  catch  and  hold 
the  axial  fibers  after  their  laydown  by  the  feedeye.  Depending  on  their  diameter,  each 
pin  ring  contains  from  550  to  640  teeth.  To  accommodate  the  increasing  diameter  of 
the  AUSS  vessel  as  it  was  wound,  one  set  of  pin  rings  was  used  for  every  0.5-inch 
increase  in  the  cylinder  thickness  The  nominal  diameters  of  the  pin  rings  used  to 
build  the  AUSS  (from  tooth  tip  to  tooth  tip)  were  respectively  26.236,  27.278,  28.414, 
29.220  and  30.119  inches. 


Table  4.  Laminate  stacking  schedule  for  AUSS  Mod  2  composite  cylinder. 


1  Inch 


2.5**  Inches 


ORIENTATION 

(degrees) 


90 

0 

90 

0 


0 

90 

0 

90 

0 


90 


LAYER  THICKNESS 
(inches) 


0.0138  ID  Layer 
0.0136 


0.0345 

0.0136 


}  2.5:1  Ratio 


0.0136 

0.0276* 


0.0136 

0.0276 

0.0136 


}  2.0:1  Ratio 


0.0552  OD  Layer 


•Change  in  hoop-to-axial  layer  ratio  occurs  after  1  inch  of  wall  thickness 
buildup. 

**The  overall  hoop-to-axial  layer  ratio  for  the  whole  wall  thickness  is  2.211. 

FABRICATION 

The  winding  was  performed  using  an  EnTec  programmable  4  -axis  winding 
machine.  A  schematic  of  the  winding  operation,  identical  to  the  one  used  in 
fabrication  of  model-scale  GFRP  cylinder,  is  shown  in  Figure  18.  The  nominal 
6-pound  spools  of  dry  IM6G  carbon  fiber  are  unwound  from  the  fiber  creel  and  drawn 
through  a  wet-out  pot.  In  the  wet-out  pot,  the  tow's  (bundles  of  fibers)  pass  under  anti 
over  a  series  of  bars  through  a  heated  (120°  to  130°F)  resin  bath  where  they  are 
impregnated  with  the  winding  resin.  After  leaving  the  wet-out  pot,  each  tow  is 
tensioned  individually  by  running  it  through  a  pulley  system  connected  to  a  magnetic 
brake  (Figure  37).  The  tows  are  then  guided  via  pulleys  and  rollers  up  to  and  through 
tiie  feedeye  of  the  winding  machine  and  onto  the  mandrel. 

Separate  winding  programs  were  written  for  the  EnTec  machine  to  lay  down 
the  hoop  and  axial  layers.  With  respect  to  the  axial  layers.  20  tows  were  wound 
simultaneously  in  an  approximately  1.80-inch-wide  band  that  was  then  laid  down  the 
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length  of  the  mandrel  by  the  feedeye.  A  comb  in  the  feedeye  controlled  the  band  width 
and  the  spacing  of  the  tows  within  the  band.  The  comb  also  kept  the  20  tows  from 
becoming  entangled.  After  their  laydown,  the  orientation  and  position  of  the  bands 
was  maintained  by  the  teeth  of  the  pin  rings. 

The  laydown  of  the  axial  bands  is  illustrated  in  Figure  38;  the  feedeye  rollers 
and  the  20  tows  are  visible  at  the  near  end  of  the  mandrel.  After  the  feedeye  com¬ 
pleted  the  placement  of  one  axial  band  down  the  length  of  the  mandrel,  and  the  band 
fibers  were  caught  in  the  teeth  of  the  pin  rings,  the  mandrel  was  rotated  to  a  position 
that  placed  the  feeder  directly  adjacent  to  the  last  band’s  position.  The  feedeye  then 
moved  to  anchor  the  band  fibers  firmly  in  the  teeth  of  the  pin  rings  and  traveled 
down  to  the  opposite  end  of  the  mandrel,  laying  a  second  band  of  axial  fibers  adjacent 
to  the  first  band.  This  process  continued  until  the  mandrel  circumference  was  covered 
with  axial  fibers  (Figure  39). 

During  the  process  trials,  the  best  axial  layer  coverage  was  achieved  when  the 
mandrel  circumference  was  covered  with  two  axial-band  thicknesses  laid  one  on  top 
of  the  other,  rather  than  one.  Therefore,  after  the  mandrel  circumference  was  covered 
with  one  blanket  of  axial  bands,  the  winding  program  continued  to  lay  a  second 
blanket  of  bands  directly  on  top  of  these.  The  combined  thickness  of  these  two 
blankets  was  determined  experimentally  to  average  0.0136  inch  which,  thereafter, 
was  considered  the  fixed  thickness  for  an  axial  layer. 

Eigh*  t  individual  axial  winding  programs  were  employed  to  accommodate 
the  increasing  par;  diameter  as  the  cylinder  grew  thicker  -  or  one  program  for 
roughly  each  0. 135-inch  increase  in  wall  thickness.  Since  the  band  width  was  fixed  at 
approximately  1.8  inch,  the  programs  were  based  on  fitting  an  integral  number  of 
bands  two  times  arcund  the  circumference  of  the  part.  When  the  circumference,  grew 
to  the  point  that  another  band  of  1.8  inch  could  be  fitted  into  the  layer,  the  program 
was  rewritten  with  an  increase  of  one  band  width  incorporated  into  the  coverage.  To 
prevent  gaps  between  adjacent  bands,  the  programs  were  contrived  to  start  at  the 
beginning  of  the  winding  cycle  with  a  slight  overlap  of  the  bands  which  would 
decrease  as  the  part  grew  thicker.  Changeover  to  the  next  program  was  intended  to 
occur  after  the  point  that  the  bands  began  laying  adjacent  to  one  another  so  that 
ideally  there  would  never  be  noticeable  gaps  between  the  bands  Calculations  based 
on  the  assumed  layer  thicknesses  predicted  that  the  overlaps  and  gaps  between  the 
bands  would  not  be  more  than  0.010  inch. 

Upon  the  cample*  >n  of  an  axial  layer,  a  separate  program  was  loaded  into  the 
EnTec  Winding  Machine  to  lay  down  the  hoop  layer  A  constant  fiber  advance  of 
0.090-  inch-por-revuluUon  was  employed  for  the  hoop  tows.  Thus,  only  one  program 
was  required  to  wind  the  hoop  layers  throughout  the  thickness  of  the  cylinder.  It  has 
been  determined  expert  mentally  that,  at  a  0  090-inch-per-revolut  ton  winding  advance, 
the  IM6G  fiber  layer  thickness  averages  0.0069  inch  per  tow  To  achieve  the  2.5: 1 
ho-  p-to-axud  fiber  ratio  for  the  first  inch  of  cylinder  wall  thickness,  up  to  five  tows 
were  wound  simultaneously  in  one  pass  down  the  mandrel  to  lav  the  targeted  0.0345- 
inch  hoop  layer  thickness  For  the  remainder  of  the  fabrication,  up  U>  four  tows  we:v 
wound  simultaneously  in  one  pass  for  the  targeted  0.0276-inch  hoop  layer  thickness 
necessary  to  yield  the  2  0  1  hoop-tn- axial  fiber  ratio  Figure  40  illustrates  the  lay- 
down  of  a  hoop  layer  over  an  axial  layer. 

During  the  winding  of  a  hoop  layer,  a  plastic  wiper  blade  was  used  to  lightly 
skim  the  composite  surface  and  remove  excess  resin.  The  wiper  traveled  down  the 
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mandrel  directly  after  the  feedeye  and  was  visible  in  Figure  41.  The  excess  resin  was 
collected  in  either  a  bucket  or  a  tray  and  later  discarded. 

The  axial  layers  were  wound  with  3-  to  4-lb  tension  per  tow;  10-  to  12-lb  per 
tow  were  used  to  wind  the  hoop  layers.  The  high-winding  tension  on  the  hoop  layers 
was  used  to  compact  and  spread  the  tows  of  the  axial  layer,  driving  out  excess  resin 
and  entrapped  air  in  the  process.  Ideally,  the  net  effect  would  be  an  increase  in  the 
overall  fiber  content  of  the  cylinder. 

Some  additional  compaction  of  the  hoop  and  axial  layers  was  also  achieved  by 
using  a  compactor.  The  compactor  consists  of  a  set  of  stainless  steel,  dead-weight 
loaded  rollers.  The  compactor  travels  behind  the  feedeye  with  its  roller  riding  on  top 
of  the  hoop  tows  immediately  after  laydown.  It,  too,  is  visible  at  the  top  of  the 
mandrel  (Figure  41).  Its  purpose  is  to  apply  additional  pressure  to  consolidate  the 
underlying  layers  and  squeeze  out  excess  resin.  Approximately  10-lb  per  roller  of 
compaction  was  used  in  the  winding  of  the  AUSS  cylinder  hoop  layers. 

The  winding  of  the  AUSS  pressure  vessel  was  initiated  by  preheating  the  man¬ 
drel  surface  to  between  120  to  130  °F  by  rotating  the  mandrel  over  radiant  heaters. 
Two  rows  of  IM6G  fiber  were  hoop  wound  simultaneously  on  the  mandrel  in  a  single 
pass.  No  compaction  or  wiping  was  used  on  this  first  hoop  layer.  On  top  of  this,  an 
axial  layer  was  then  wound  followed  by  a  hoop  layer  of  five  tows  wound  simultane¬ 
ously  in  a  single  pass.  This  hoop  layer  and  the  following  hoop  layers  for  the  day  were 
compacted  and  wiped.  The  layup  continued  according  to  Table  4.  The  last  axial  layer 
laid  down  for  the  day  was  followed  by  only  three  hoop  tows  wound  simultaneously  in 
a  single  pass.  This  partial  hoop  layer  was  also  wiped  and  compacted. 

At  the  end  of  a  winding  day,  a  fiberglass  canopy  or  hood  was  placed  over  the 
mandrel  to  hold  in  as  much  heat  as  possible  and  the  composite  was  allowed  to  turn 
overnight  over  radiant  heaters  to  precure  or  gel  the  composite  resin.  The  next  morn¬ 
ing,  the  hood  was  removed  and  the  day’s  winding  commenced  with  the  laydown  of 
two  hoop  tows  wound  simultaneously  in  a  single  pass.  Again,  no  wiping  or  compac¬ 
tion  was  used  on  these  first  two  tows.  The  remainder  of  the  day’s  wind  was  done 
identically  to  the  procedure  mentioned  above  and  according  to  Table  4. 

The  first  two  hoop  tows  laid  down  at  the  start  of  each  winding  day  were  not 
wiped  or  compacted  so  that  they  would  not  become  too  dry.  The  intent  was  that  the 
excess  resin  would  facilitate  wetting  the  dry,  rough  surface  of  the  previous  day’s  com¬ 
posite  so  that  voids  would  not  be  trapped  when  the  axial  layer  was  laid  down.  Only 
half  of  the  tows  of  a  full  hoop  layer  were  laid  down  at  the  end  of  the  day  so  that  the 
stopping  and  starting  points  of  the  fabrication  would  coincide  with  the  middle  of  a 
hoop  layer,  rather  than  at  the  interface  between  a  hoop  and  an  axial  layer. 

During  the  first  two  days  of  winding,  and  because  of  ongoing  process  optimi¬ 
zation,  it  was  only  possible  to  lay  down  two  or  three  axial  layers  and  their  corre¬ 
sponding  hoops  per  day.  Later,  the  winding  operation  progressed  to  laying  routinely 
between  4  to  6  axial  layers  per  day.  At  the  same  time,  an  additional  wiping  step  was 
introduced  at  the  end  of  the  day’s  fabrication.  The  mandrel  was  turned  over  radiant 
heaters  for  approximately  40  to  60  minutes  to  allow  additional  excess  resin  to  bleed 
to  the  surface.  This  additional  resin  was  then  lightly  skimmed  in  a  single  pass  using 
the  same  wiper  system  described  previously.  This  tended  to  leave  a  slightly  dryer  sur¬ 
face  on  the  part  so  no  resin  band  would  remain  in  the  middle  of  n  hoop  layer  corre¬ 
sponding  to  the  starting  and  stopping  point  of  a  day’s  fabrication. 
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The  AUSS  vessel  was  wound  over  a  6-week  period  with  between  2  to  3  days 
per  week  actual  winding  time  required  to  lay  down  approximately  one-fifth  of  the 
cylinder  wall  thickness.  At  the  end  of  the  week,  the  mandrel  was  taken  out  of  the 
EnTec  winding  machine  and  sent  to  a  forced-air  convection  oven  for  a  full  cure  of  the 
composite.  The  cure  cycle  used  was  2  hours  each  week  at  185°F  plus  4  hours  at 
300°F.  Afterwards,  the  mandrel  was  reinstalled  in  the  winding  machine  and  set  up 
for  the  coming  week’s  fabrication. 

Between  the  thi  *d  and  fourth  week  of  fabrication,  the  cylinder  was  observed 
developing  fiat  spots.  Tuese  spots  were  approximately  3.5-inches  wide,  spaced  evenly 
around  the  part  circumference,  and  extended  down  the  length  of  the  part.  Run  out 
measurements  taken  after  the  fourth  day  of  winding  indicated  that  the  cylinder 
roundness  varied  on  the  average  between  0.040  and  0.050  inch  from  the  center  to  the 
edge  of  the  flat  spots. 

It  is  not  known  exactly  how  the  out-of-roundness  problem  began.  The  compac¬ 
tor,  no  longer  riding  smoothly  on  the  cylinder  circumference,  was  bouncing  up  and 
down  on  the  high  spots.  Because  this  accentuated  the  out-of-roundness  problem,  use 
of  the  compactor  was  discontinued  for  the  last  fifth  of  the  cylinder  wall  thickness, 
subsequent  to  which  the  cylinder  roundness  appeared  to  improve.  Runout  measure¬ 
ments  taken  at  random  locations  on  the  completed  cylinder  showed  that  the  variation 
between  the  centers  and  the  edges  of  the  flat  spots  had  been  reduced  and  now  aver¬ 
aged  between  0.010  and  0.020  inch. 

Table  4  shows  the  cylinder  completed  by  winding  eight  hoop  tows  simultane¬ 
ously  in  a  single  pass  over  the  last  axial  layer.  Thus,  the  final  thickness  of  the  cylin¬ 
der  was  adjusted  as  closely  as  possible  to  within  the  tolerances  provided  by  NOSC. 
After  this  last  hoop  layer,  the  cylinder  was  allowed  to  rotate  approximately  20  min¬ 
utes  before  being  wiped  again  in  a  single  pass  by  the  plastic  wiper  blade.  The  cylinder 
was  rotated  overnight  over  heaters  and  sent  for  its  final  cure  cycle  the  following 
morning. 

CUTTING  PART  TO  LENGTH 

To  minimize  fixturing  costs  and  the  risk  of  inadvertently  damaging  the  com¬ 
posite  during  handling,  the  AUSS  cylinder  was  cut  to  length  using  the  mandrel  as  the 
cutting  arbor.  After  the  composite’s  first  full  cure  cycle,  the  cylinder  became  loose  on 
the  mandrel  and  would  shift  slightly  when  given  sufficient  momentum.  This  made  it 
possible  to  make  the  initial  rough  cuts  while  the  weight  of  the  cylinder  and  scrap 
ends  were  supported  fully  by  the  mandrel.  The  scrap  ends  were  then  removed  anti  the 
cylinder  slid  down  until  the  cylinder  end  was  overhanging  the  edge  of  the  mandrel  by 
three  or  four  inches.  A  final  cut  was  then  made  on  the  overhanging  edge  to  remove 
just  enough  material  to  render  it  fiat  and  perpendicular  to  the  axis  of  the  tube. 

A  diamond-grit  cutting  wheel  was  used  to  make  the  aits.  During  the  initial 
rough  cuts,  the  operation  was  slowed  during  the  last  cutting  revolutions  near  the  ID 
to  minimize  overshooting  the  tube  ID  and  going  into  the  mandrel  surface  with  the 
saw  blade.  As  it  turned  out.  some  slid  low  scratches  were  made  in  the  mandrel  while 
the  composite  was  cut  all  the  way  through.  These  were  hand-sanded  smooth  after  the 
scrap  ends  were  removed  and  prior  to  sliding  the  cylinder  to  the  end  to  make  the  final 
edge  cut. 
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The  force  to  slide  the  cylinder  was  provided  by  one  edge  of  the  lathe  platform 
that  travels  the  length  of  the  machine  and  holds  the  saw  blade.  A  wooden  block 
padded  with  rubber  was  used  between  the  cylinder  edge  and  the  platform  to  protect 
the  composite  surface  as  it  was  pushed  by  the  machine.  In  this  manner,  it  was  very 
easy  to  slide  the  cylinder  on  the  mandrel. 

The  sequence  and  details  of  the  cutting  operation  are  as  follows.  Initially,  one 
rough  cut  was  made  in  the  cylinder,  approximately  15  inches  from  one  end  of  the 
mandrel.  Liquid  nitrogen  was  then  pumped  into  the  interior  of  the  mandrel  to  further 
shrink  the  aluminum  surface  from  the  ID  of  the  composite.  Figure  42  illustrates  one 
of  the  scrap  ends  being  removed  as  the  mandrel  cools.  After  the  scrap  end  was 
removed,  the  cylinder  was  slid  down  until  the  cut  edge  was  overhanging  the  edge  of 
the  mandrel  by  3  to  4  inches.  The  mandrel  was  then  allowed  to  warm  back  to  room 
temperature.  To  keep  the  cylinder  from  shifting  while  the  final  cut  was  made,  toe 
clamps  were  used  on  the  cylinder  ID  to  secure  the  composite  to  the  mandrel.  Then, 
the  final  edge  cut  was  made. 

A  second  rough  cut  was  made  at  the  other  end  of  the  composite  supported  on 
the  mandrel.  This  rough  cut  essentially  fixed  the  final  length  of  the  cylinder.  The 
other  scrap  end  was  removed,  the  mandrel  was  cooled  with  liquid  nitrogen  and  the 
cylinder  was  slid  back  the  other  way  so  that  the  rough  edge  was  overhanging  the 
opposite  end  of  the  mandrel.  After  the  mandrel  had  warmed  back  to  room  tempera¬ 
ture,  the  cylinder  was  fixed  in  place  with  toe  clamps  and  the  final  cut  was  made.  The 
mandrel  was  then  cooled  one  last  time  with  liquid  nitrogen  and  the  cylinder  was  slid 
back  onto  the  mandrel  until  its  edge  was  flush  with  the  mandrel  end. 

MANDREL  REMOVAL 

To  remove  the  mandrel,  the  composite  cylinder  was  strapped  tightly  in  place 
to  an  uprighting  skid.  A  rubber-padded  wooden  disk  was  placed  between  the  skid 
support  arms  and  the  edge  of  the  cylinder  that  was  flush  with  the  end  of  the  mandrel. 
The  uprighting  skid  was  then  lifted  by  one  end  to  a  vertical  position  and  hung  on  a 
stand.  In  this  position,  the  cylinder  was  held  immobile  by  the  straps  with  one  end 
resting  on  the  wooden  disk. 

Liquid  nitrogen  was  poured  into  the  open  end  of  the  mandrel  in  order  to  cool 
it  down,  thereby  shrinking  it  away  from  the  ID  of  the  cylinder  (Figure  43).  When 
ready,  the  mandrel  was  lifted  out  of  the  cylinder,  leaving  the  composite  strapped  to 
the  skid  (Figure  44).  The  skid  was  then  lowered  from  the  stand  and  placed  back  in  a 
horizontal  position. 

Inspection  of  the  cylinder  revealed  many  light  scratches  on  the  ID  running 
longitudinally  3  to  6  inches  from  the  cylinder  edge  into  the  interior.  The  scratches 
were  all  around  the  circumference  and  estimates  are  that  they  were  0.002-  to  0.005- 
inch  deep.  It  is  speculated  that  they  were  caused  in  the  cutting  operation  by  sliding 
the  composite  over  surface  cuts  in  the  mandrel  that  had  not  been  adequately  sanded. 
Several  longitudinal  scratches  were  also  found  on  the  ID  at  the  center  of  the  body  of 
the  cylinder.  The  minority  of  the  scratches  were  patched  with  a  room-temperature 
curing  epoxy  which  was  applied,  cured,  and  then  lightly  sanded  hack  down  to  the 
surface. 
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Table  5.  Thickness  measurements  of  hoop  and  axial  layers  in  material  coupon  from  the  end 
of  AUSS  MOD  2  composite  cylii  iar. 


t 


(From  ID  to  1  inch  of  wall  thickness) 

[Layer  Thickness] _ 


ID  Layer 


Hoop 

4.42 

33.50 

34.18 

35.30 
33.24 
32.84 
35.68 
31.54 
31.22 

31.30 
31.94 
33.72 
35.76 
32.34 


Axial 

10.86 

12.52 

13.56 

13.24 
12.36 
11.94 
11.72 
12.18 
12.48 

11.24 
14.54 
10.60 

9.90 

12.76 


(From  1  inch  of  wall  thickness  to  OD) 


[Layer  Thickness! 


Hoop 

26.00 

24.06 

25.66 

26.16 

26.72 

25.38 


Axial 

11.28 

13.68 

15.42 

14.72 

13.04 

12.30 

8.20 
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Table  5  (continued).  Thickness  measurements  of  hoop  and  axial  layers  in  material  coupon  from 
the  end  of  AUSS  MOD  2  composite  cylinder. 


(Layer  Thicknessl 


Axial 


26.96 

26.86 

26.62 

26.84 

24.28 

24.54 

24.80 

25.74 
26.70 
27.42 
27.06 

27.60 

27.74 

28.74 
26.68 
27.82 
28.46 
26.52 
26.64 

26.60 

OD  Layer  47.60 


9.12 

19.42 

12.50 

14.48 

13.38 

14.30 
15.02 
11.36 
14.90 
13.68 
12.88 
14.56 

15.18 
12.94 

11.30 
12.70 
13.68 
13.20 

12.18 
12.88 


Average  measured  layer  thicknesses:  (excluding  ID  and  OD  layers) 

Axial:  12.9  mils 

Hoop  (ID  to  1  inch  of  wall  thickness):  33.3  mils 
Hoop  (1  inch  of  wall  thickness  to  OD):  26.5  mils 

Note:  Measurements  were  made  on  random  layers  throughout  the  sample  wall 
thickness 
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PART  COMPOSITION 

Samples  were  taken  from  the  scrap  composite  ends  (Figure  45)  removed  in  the 
cutting  operation  and  submitted  for  analysis  to  determine  the  cylinder’s  composition  § 

and  layer  thicknesses  (Table  5).  The  density  of  specimens  taken  from  both  scrap  ends 
of  the  cylinder  is  nominally  1.58  g/cc  (0.0567  lb  in3).  Based  on  a  rule-of-mixtures  cal¬ 
culation,  tuis  corresponds  t  o  an  average  fiber  content  of  70-volume  percent. 

The  average  composition  also  appears  to  be  uniform  through  the  thickness  of 
the  cylinder.  During  cutting  apart  of  the  ring  (Figure  46),  its  ends  would  separate  • 

wider  than  the  width  of  the  saw  blade  indicating  the  presence  of  residual  compressive 
hoop  stresses  on  the  interior  of  the  cylinder.  The  total  width  of  seoaration  was  meas¬ 
ured  to  be  0.20  inch  at  the  interior  surface  of  the  ring.  Straingages  mounted  on  the 
interior  of  the  ring  measured  + 165  microinches/inch  in  the  hoop  and  +  5  micro¬ 
inches/inch  in  the  axial  direction  after  cutting  apart  of  the  ring.  The  magnitude  of 
the  residual  stress  on  the  interior  surface  of  the  ring  prior  to  cutting  was  calculated  * 

from  these  strains  to  be  -2900  psi. 

A  wedge  driven  between  the  ends  of  the  ring  split  the  ring  into  two  concentric 
rings  when  the  space  between  the  ends  reached  0.375  inch.  The  split  occurred  appro¬ 
ximately  1.5  inches  from  the  interior  surface  of  the  ring,  the  stopping  point  of  fiber 
winding  for  the  third  cure  cycle. 

The  reason  for  the  separation  at  the  stopping  point  for  the  third  cure  cycle  is 
not  known.  By  comparison,  the  interface  bonds  at  the  other  cure  stopping  points  were 
significantly  stronger.  It  is  speculated  that  the  fast  spots  of  the  cylinder  may  have 
contributed  to  this  by  presenting  high  and  low  areas  which  were  difficult  to  contact  t 

uniformly  for  the  first  critical  hoop  layer  laid  down  the  following  week.  Two  sugges¬ 
tions  for  improving  the  interface  bond  are  eliminating  the  flat  spots  and  lightly  sand¬ 
ing  the  composite  following  a  cure  cycle  to  “rough  up”  the  surface  prior  to  winding. 

Samples  of  one  scrap  end  were  also  mounted  and  polished  for  examination 
under  a  microscope.  Photomicrographs  taken  from  various  locations  through  the  t 

sample  wall  thickness  are  shown  in  Figures  47  to  51.  Generali’',  the  photomicro¬ 
graphs  indicate  good  fiber  consolidation  in  both  the  hoop  an,j  axial  layers,  and  few 
voids  (Figures  47  and  48). 

Some  flaws  were  observed.  Figure  49  shows  some  voids  between  a  hoop  layer 
and  the  axial  layer  which  was  wound  over  it.  Apparently  air  became  entrapped  be-  • 

tween  the  two  layers  and  the  winding  pressure  from  the  successive  hoop  layer  laid 
over  the  axial  was  unable  to  drive  it  out.  Figure  50  also  shows  a  resin  band  in  the 
middle  of  a  hoop  layer.  This  corresponds  to  one  of  the  stopping  points  at  the  end  of  a 
day’s  fabrication  in  which  excess  resin  bled  out  to  the  surface.  These  bands  become 
less  frequent  as  one  moves  toward  the  OD  of  the  cylinder  due  to  the  development  of 
better  surface-wiping  techniques  by  fabrication  personnel. 

Because  of  the  flat  spots  generated  on  the  surface  of  the  cylinder  during 
winding  of  the  hoop  layers  in  the  upper  thickness  of  the  cylinder,  pockets  of  resin- 
rich  material  (Figure  52)  that  are  prone  to  contain  excessive  porosity  have  been 

created.  This  porosity  was  detected,  by  a  C  scan  performed  on  the  whole  cylinder  I 

(Figures  53  and  54).  The  acoustic  signals  were  generated  by  a  transducer  on  the 
exterior  surface  of  the  cylinder  and,  subsequently,  received  by  a  transducer  located 
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on  the  interior  surface  directly  under  the  transmitter.  Streams  of  water  served  as 
coupling  agents  between  the  transducers  and  the  rough  surfaces  of  the  GFRP 
cylinder. 


With  the  acoustic  system  delivering  acoustic  energy  at  2.25  MHz  frequency 
and  49-dB  power  setting,  narrow  bands  of  porosity  oriented  along  the  axis  of  the 
cylinder  were  detected  at  approximately  4-inch  intervals  around  the  circumference  of 
the  cylinder  (Figure  55).  At  this  power  setting,  the  O.OlO  inch  thick  lead-tape  witness 
discs  bended  to  the  exterior  surface  of  the  cylinder  at  2-inch  intervals  were  barely 
visible  on  the  recording  paper.  When  the  power  setting  was  increased  to  55  dB,  the 
white  bands  disappeared  from  the  recording.  At  this  power  setting,  the  0.010-inch 
thick  lead-tape  witness  discs  were  n-;t  discernible  on  the  recording.  Only  after  0.005- 
inch  thick  lead-tape  dices  were  placed  over  the  existing  0.010-inch  thick  discs  did  the 
witness  discs  again  become  visible  on  the  recording. 

Based  on  the  above  observations  (detectable  at  49-dB,  but  not  55-dB  power 
settings),  it  can  be  concluded  that  the  periodically  occurring  longitudinal  imperfec¬ 
tions  around  the  circumference  of  the  cylinder  are  not  delaminations  but  resir. -rich 
areas  ailh  minor  gas-bubble  porosity  that  do  not  threaten  the  structural  integrity  of 
the  cylinder  under  hydrostatic  loading.  It  is  thought  that  these  longitudinal  interior 
resin-rich  areas  with  gas-bubble  porosity  coincide  with  the  flat  spots  on  the  cylinder 
observed  during  winding. 

Table  5  is  a  summary  of  the  average  hoop-  and  axial-layer  thicknesses  meas¬ 
ured  from  ring  cross  section.  The  average  hoop-layer  thickness  from  the  cylinder  ID 
to  40  percent  of  the  wall  thickness  (excluding  the  hoop  layer  at  the  ID  to  40  percent 
of  the  wall  thickness  (excluding  the  hoop  layer  at  the  ID)  is  33.3  mils;  the  average 
hoop-layer  thickness  for  the  remainder  of  the  sample  (excluding  the  OD  hoop  layer)  is 
26.5  mils.  The  average  axial-layer  thickness  is  12.9  mils.  Based  on  the  individual 
readings,  there  was  more  variation  between  the  axial-layer  thicknesses  than  with  the 
hoop  layers  (Figure  48). 

The  average  hoop-to-axial  layer  ratio  from  the  cylinder  ID  to  40  percent  of  the  wall 
thickness  is 

33.3  mils  =  2.58  (Figure  47) 

12.9  mils 

or  2.58:1.  The  average  hoop-to-axial  layer  ratio  for  the  remainder  of  the  cylinder  wall 
thickness  is 

26.5  mils  =  2.05  (Figure  48) 

12.9  mils 

or  2.05:1.  These  values  compare  well  with  the  intended  design  ratios  of  2.5:1  and 
2.0:1  specified  in  Table  5.  The  hoop  layer  on  the  outside  surface  of  the  cylinder  has 
been  made  twice  as  thick  as  the  hoop  layers  just  below  (Figure  51).  Based  on  the 
measured  layer  ratios  and  the  average  70-volume  percent  fiber  content,  the  elastic 
properties  of  the  cylinder  calculated  to  be  as  follows: 

Circumferential  Modulus  =  17.3  x  10*  psi 
Longitudinal  Modulus  =  8.7  x  10*  psi 
Shear  Modulus  =  1.0  x  10*  psi 
Mqjor  Poisson’s  Ratio  (nu0Z)*=  0.056 


*  0  refer®  to  the  hoop  direction  of  the  cylinder;  Z  refers  to  the  cylinder  longitudinal  axis. 
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MATERIAL  PROPERTIES 

The  properties  of  the  composite  in  the  cylinder  were  established  by  testing  of 
material  coupons  machined  from  rings  remaining  after  cutting  the  96-inch  cylinder  to  9 

a  65-inch  length.  Two  kinds  of  specimens  were  prepared.  The  specimens  used  in  de¬ 
termination  of  compressive  strength  were  1.0-inch  OD  x  3.0-inch  OL  cylinders  cut 
along  axial  and  hoop  orientations  of  the  fibers  in  the  cylinder  (Figures  57  and  58). 

After  potting  in  of  the  cylinder  ends  in  steel  cups  and  instrumentation  with  strain- 
gages,  the  cylinders  were  axially  loaded  to  failure  (Figure  59). 

• 

Three  cylindrical  specimens  cut  along  the  axis  of  the  cylinder  (i.e.,  axial  speci¬ 
mens)  failed  at  an  average  nominal  (load  divided  by  bearing  area)  stress  level  of 
67,800  psi  (Figure  60).  The  specimens  failed  by  delamination  of  fibers.  When  an  axial 
specimen  was  cyclically  loaded  to  only  51,000  psi,  delamination  did  not  take  place 
even  after  60  load  cycles.  Since  the  number  of  acoustic  events  recorded  during  each 
cycle  decreased  after  the  first  cycle,  and  remained  so  for  the  balance  of  the  60  cycles,  * 

it  can  be  postulated  that  the  cyclic  fatigue  life  of  composite  in  axial  direction  of  the 
AUSS  Mod  2  cylinder  at  29,000-psi  design  stress  level  generated  by  9000-psi  design 
pressure  probably  exceeds  1000  cycles. 

Three  specimens  cut  along  the  circumference  of  the  cylinder  (i.e.,  hoop  speci¬ 
mens)  failed  at  an  nominal  stress  level  of  77,500  psi.  When  a  hoop  specimen  was 
cyclically  loaded  to  a  nominal  stress  level  of  76,5000  psi,  delamination  was  initiated 
after  10  cycles.  At  the  (yclically  applied  76,500  psi  nominal  compressive  stress  level, 
the  maximum  compressive  stress  on  the  surface  of  the  cylindrical  specimens  facing 
the  interior  of  the  AUSS  cylinder  was  107,000  psi  while  the  minimum  compressive 
stress  on  the  surface  facing  the  exterior  of  the  cylinder  was  only  46,000  psi.  The  dif-  » 

ferences  between  the  maximum  and  minimum  compressive  stresses  on  the  surface  of 
the  cylindrical  specimen  and  the  nominal  compressive  stress  are  due  to  the  fact  that 
the  hoop  fibers  are  not  parallel  to  the  axis  of  the  cylindrical  test  specimen. 

The  measured  compressive  strains  indicate  that  the  tangent  modulus,  and 
Poisson’s  ratio  of  the  composite  along  axial  fibers  are  8,030,000  psi  and  0.25,  respec-  • 

tively.  Along  hoop  fibers,  the  composite  has  a  17,600,000-psi  tangent  modulus  of  elas¬ 
ticity  and  0.27  Poisson’s  ratio.  These  values  compare  very  favorably  to  the  calculated 
values  of  8,700,000  psi  and  17,300,000  psi  for  tangent  moduli  of  elasticity  in  axial 
and  hoop  directions. 

Different  material  specimens  were  prepared  for  determination  of  composite  • 

properties  in  flexure.  The  square,  oblong  specimens  cut  along  axial-  and  hoop-fiber 
orientations  (Figure  57)  were  0.25  x  0.25  x  3  inches  in  size  (Figure  63).  When  tested 
to  destruction  they  failed  along  axial  and  hoop  orientations  at  maximum  flexure 
stress  of  61,000  and  81,000  psi,  respectively  (Figure  64).  Based  on  the  magnitudes  of 
deflection  measured  during  flexure  testing,  the  tangent  moduli  of  elasticity  were  cal-  t 

culated  to  be  9,000,000  psi  along  axial  fibers,  and  18,000,000  psi  along  hoop  fibers. 

Based  on  these  measurements,  one  can  conclude  that  the  compressive 
strengths  and  moduli  of  elasticity  in  the  as-fabricated  composite  cylinder  are  ade¬ 
quate  to  withstand  the  (1)  60,750-psi  and  26,100-psi  design  hoop  and  axial  stresses  at 
9,000-psi  design  depth,  and  (2)  buckling  in  the  0-  to  18,000-psi  pressure  range.  9 

Furthermore,  the  ratio  between  the  ultimate  material  strengths  of  67,800  psi  in  axial 
and  108,500  psi  in  hoop  directions  and  design  stresses  provide  safety  factors  of  2.5  in 
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the  axial  and  1.8  in  the  hoop  directions  of  the  fiber  in  the  composite.  These  safety 
factors  are  less  than  the  specified  value  of  2,  yet  close  enough  to  make  the  cylinder 
acceptable  for  a  ROV  application  with  limited  cyclic  fatigue  life. 


EVALUATION  OF  FULL-SCALE  AUSS  MOD  2  HULL 

BONDING  OF  COUPLING  RINGS  TO  GFRP  CYLINDER 

The  Test  Assembly  consisted  of  a  Mod  2  cylinder,  two  coupling  rings,  two  end 
bells,  two  adapter  rings,  and  two  split  clamp  bands.  Before  the  components  of  the 
pressure  hull  could  be  assembled  for  pressure  testing,  the  GFRP  cylinder  had  to  be  (1) 
bonded  to  the  titanium  coupling  rings,  and  (2)  instrumented  with  electric  resistance 
straingages  and  acoustic-emission  transducers.  The  bonding  of  the  coupling  rings  P/N 
55910-0114521  (Figures  10,  65,  and  66)  to  the  GFRP  cylinder  (Figure  67)  demands 
great  care  in  the  selection  of  the  adhesive,  thorough  deeming  of  surfaces  to  be 
bonded,  and  meticulous  attention  to  procedure  for  application  of  adhesive  to  the  cou 
pling  ring.  The  epoxy  adhesive,  for  bonding  of  coupling  rings  to  the  GFRP  cylinder 
was  chosen  on  its  ability  to  withstand  high-bearing  stress  without  extruding  from  the 
joint,  or  debonding  from  the  mating  components. 

The  evaluation  of  adhesive  proposed  for  this  application  consisted  of  testing 
specimens  assembled  from  two  1.0-inch  OD  x  1.0-inch  L  steel  plugs  bonded  by  a 
0.01-inch  thick  layer  of  epoxy.  Each  of  the  specimens  were  subjected  to  cyclic  axial 
compressive  loads  that  generated  30,000-psi  nominal  bearing  stress  in  the  bond.  After 
10  cyclic  load  applications,  the  specimen  was  inspected  for  extrusion,  or  debonding  of 
epoxy  from  metal  plugs.  Epoxies  that  extruded  or  debonded  were  excluded  from  fur¬ 
ther  consideration. 

The  remaining  specimens  were  subjected  to  a  bearing  stress  of  60,000  psi  for 
one  hour.  After  this  test,  the  specimens  were  again  inspected  for  debonding,  or  extru¬ 
sion  of  epoxy.  Epoxies  that  failed  this  test  were  removed  from  further  consideration. 
Only  one  adhesive  passed  this  severe  test  and  was  chosen  for  bonding  of  the  coupling 
rings  to  GFRP  cylinder.  The  adhesive  chosen  for  bonding  of  the  coupling  rings  to 
GFRP  cylinder.  The  adhesive  chosen  for  this  application  was  CIBA  epoxy  resin  6010 
and  CIBA  283  hardener  mixed  in  100  to  70  ratio. 

The  surface  of  the  titanium  coupling  ring  seat  and  the  ends  of  the  GFRP  cylin¬ 
der  were  prepared  for  bonding  by  sanding  first  with  240-grit  sandpaper,  followed  by 
thorough  cleaning  with  methyl  ethyl  ketone  solvent.  The  titanium  surface  was  subse¬ 
quently  passivated  by  brushing  on  Pasa  Gell®  107  (Semco,  a  Division  of  Products  Re¬ 
search  and  Chemical  Corporation,  Glendale,  CA),  rinsing  with  tap  water  after  20 
minutes  of  soaking,  and  drying  with  a  forced-air  heater. 

The  thickness  of  the  adhesive  joint  was  controlled  by  placement  on  the  hori¬ 
zontally  placed  plane  titanium  bearing  surface  of  1  x  1  x  0.01-inch-thick  cardboard 
spacers  on  approximately  4-inch  intervals,  After  placement  of  the  spacers,  premixed 
epoxy  adhesive  was  poured  into  the  seat  cavity.  Sufficient  epoxy  was  poured  into  the 
cavity  to  cover  it  to  a  depth  of  0.25  inch.  At  this  time,  the  GFRP  cylinder  was  rotated 
to  vertical  position,  raised  above  ground,  and  gently  lowered  into  the  seat  on  the 
coupling  ring  until  it  came  to  rest  on  the  cardboard  spacers.  This  action  squeezed  out 
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excess  epoxy  through  the  annular  spaces  between  the  GFRP  cylinder  and  the 
titanium  seat.  After  a  72-hour  cure  at  room  temperature,  the  ends  of  the  cylinder 
were  reversed  and  the  bonding  process  repeated  with  a  coupling  ring  on  the  other  end 
of  the  cylinder.  After  curing  the  adhesive,  the  exterior  of  the  coupling  rings  was 
cleaned  thoroughly  to  insure  good  fit  with  the  titanium  end  closures  and  split  clamps 
(Figure  68). 

INSTRUMENTATION  OF  THE  GFRP  CYLINDER 

The  full-scale  AUSS  Mod  2  cylinder  was  instrumented  on  its  interior  surface 
with  25  rectangular  0.25-inch  straingage  rosettes  and  8  acoustic-emission  sensors. 
The  straingages  were  bonded  to  the  interior  of  the  cylindrical  pressure  hull  with 
Eastman  910  contact  cement  at  the  following  three  locations:  (1)  midbay;  (2)  2.5 
inches  from  the  end  of  cylinder;  and  (3)  on  the  coupling  ring  itself  (Figure  69).  The 
objective  of  the  straingage  instrumentation  was  to  detect  incipient  hackling  at  mid- 
bav.  to  compare  the  radial  contraction  of  the  GFRP  cylinder  to  that  of  the  titanium 
end  closure,  and  to  measure  the  magnitude  of  bending  in  the  cylinder  at  the  titanium 
coupling  rings.  The  titanium  end  closures  were  not  instrumented  with  straingages  as 
their  performance  under  hydrostatic  loading  was  already  established  during  prior 
prooftesting  of  AUSS  Mod  1  pressure  hull  (Reference  2). 

The  8  acoustic-emission  150-kHZ  resonant  frequency  sensors  were  bonded 
with  polyurethane  elastomeric  cement  to  the  interior  surface  of  the  GFRP  cylinder  2 1 
inches  from  its  ends  (Figure  70).  The  objective  of  the  acoustic-emission  instrumenta¬ 
tion  was  to  detect  and  record  acoustic  stress  waves  generated  inside  the  GFRP  cylin¬ 
der  during  pressure  cycling  by  microcracking  of  the  plastic  matrix  and  breakage  of 
fibers  during  hydrostatic  pressurization  of  the  AUSS  Mod  2  pressure  hull.  These  data 
would  be  used  to  predict  impending  material  failure. 

TEST  ASSEMBLY 

The  AUSS  Mod  2  pressure  hull  was  assembled  by  mating  the  two  titanium  end 
closures  (Figure  71)  to  the  titanium  coupling  rings,  placing  test  clamps  (Figure  72) 
over  the  equatorial  flanges  on  the  end  closures,  and  clamping  the  titanium  end  clo¬ 
sures  to  the  titanium  coupling  rings  with  aluminum  split  clamps  (Figure  13).  The 
completed  test  assembly  (Figure  73)  was  then  placed  inside  the  test  cage  (Figure  74) 
for  insertion  into  the  deep-ocean  test  simulation  vessel  (Figure  75). 

The  caged  test  assembly  was  placed  inside  the  deep-ocean  test  simulator  lo¬ 
cated  at  the  NOSC  Arctic  Laboratory,  followed  by  the  instrumentation  cables  being 
connected  to  bulkhead  penetrators  in  the  vessel  walls  and  the  hydraulic  tube  to  the 
vessel  end  closure.  After  placement  and  locking  in  place  of  the  vessel  end  closure,  the 
interior  of  the  test  assembly,  as  well  as  the  vessel  itself,  were  filled  with  tap  water 
and  purged  of  trapped  air.  Next,  the  hydraulic  tubing  used  for  filling  the  interior  of 
the  test  assembly  with  water  was  connected  to  the  manometer  for  measuring  the  vol¬ 
ume  of  water  displaced  from  the  interior  of  the  test  assembly  during  pressurization. 

TEST  SCHEDULE 

The  test  schedule  encompassed  20  consecutive  pressure  cycles.  The  magnitude 
of  peak  pressure  in  each  cycle  was  to  increase  in  1000-psi  steps  during  the  first  ten 
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cycles  until,  in  the  tenth  cycle,  the  proof  pressure  of  10,000  psi  would  be  attained.  If 
the  test  assembly  successfully  withstood  the  proof  test  without  any  detectable  defor¬ 
mation  or  cracking,  it  would  be  subjected  to  ten  more  pressure  cycles  with  9000-psi 
peak  pressure.  During  these  10  pressure  cycles  to  design  pressure,  the  acoustic  emis¬ 
sion  would  be  monitored  continuously  to  determine  whether  there  is  any  increase  in 
acoustic  activity  during  cycling.  If  the  acoustic  activity  remained  constant  from  one 
cycle  to  another  it  would  be  an  indication  that  there  is  no  crack  propagation  or  initia¬ 
tion  during  pressurization  to  design  pressure. 

TEST  PROCEDURE 

The  test  procedure  followed  during  each  pressure  cycle  consisted  of  pressuriza¬ 
tion  to  peak  pressure  at  approximately  1000-psi/minute  rate,  sustained  loading  of 
30-minute  duration  at  peak  pressure,  depressurization  at  1000-psi/minute  rate,  and 
relaxation  at  0  psi  for  30  minutes.  The  strain  readings  were  recorded  at  1000-psi 
intervals  during  pressurization,  at  start  and  end  of  sustained  loading,  and  at  start 
and  end  of  relaxation.  The  acoustic  emission  was  monitored  and  recorded  continu¬ 
ously  from  the  beginning  to  the  end  of  each  pressure  cycle  (Figure  76).  The  volume  of 
water  displaced  from  the  interior  of  the  test  assembly  was  measured  and  recorded  at 
1000-  psi  steps  during  pressurization,  at  the  start  and  end  of  sustained  loading,  at 
1000-psi  steps  during  depressurization,  and  at  the  start  and  end  of  relaxation. 


TEST  RESULTS 

STRAINS  ON  CYLINDER 

The  strains  increased  linearly  with  pressure  during  all  pressure  cycles 
(Figures  77  to  81).  The  maximum  strains  were  recorded  on  the  interior  surface  at 
midbay  in  hoop  direction.  The  average  magnitude  of  hoop  strains  at  midbay  under 
9000-psi  design  pressure  was  -3383  microinches/inch  (Figure  77).  The  average  axial 
strain  at  the  same  location  was  -3086  microinches/inch  (Figure  78). 

The  magnitude  of  hoop  strains  on  the  interior  surface  of  the  cylinder  near  the 
ends  was  about  the  same  (Figure  79),  and  of  axial  strains  significantly  more  (Figure 
80)  than  at  midbay  (Figures  77  and  78).  Still,  the  magnitude  of  axial  strains  on  the 
interior  surface  at  the  end  of  the  cylinder  did  not  exceed  the  magnitude  of  hoop 
strains  at  midbay. 

The  average  magnitude  of  hoop  strains  on  the  interior  of  the  titanium  cou¬ 
pling  ring  (Figure  81)  was  -3015  microinches/inch,  significantly  less  than  the  -3383 
microinches/inch  hoop  strain  at  midbay.  The  axial  strains  on  the  same  location  were 
less  than  -1000  microinches/inch  (Figure  82).  The  strains  at  the  base  of  the  tie-rod 
lugs  on  the  coupling  ring  were  also  less  than  -1900  microinches/inch  (Figure  83). 

VOLUMETRIC  CHANGE  OF  THE  PRESSURE-HULL  ASSEMBLY 

The  overall  contraction  of  the  AUSS  Mod  2  pressure-hull  assembly  (GFRP 
cylinder  capped  with  titanium  hemispheres)  varied  linearly  with  external  pressure 
loading  (Figure  84).  The  overall  loss  of  displacement  was  0.67  miililiter  per  psi  of 
external  pressure  loading  (1.5  milliliters  per  foot  of  depth).  The  slight  nonlinearities 
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in  the  volume  versus  pressure  plot  are  due  to  problems  associated  with  the  volume- 
displacement  measurement  arrangement.  The  magnitude  of  time  dependent  volume 
displacement  under  9000-psi  design  depth  was  found  to  be  negligible  (i.e.,  less  than 
35  milliliters  during  30  minutes  of  sustained  loading). 

ACOUSTIC  EMISSIONS  OF  THE  PRESSURE-HULL  ASSEMBLY 

The  total  number  of  acoustic  events  (i.e.,  hits)  per  pressure  cycle  did  not  vary 
significantly  from  one  pressure  cycle  to  another.  The  significant  variation  was  in  the 
number  of  events  during  sustained  pressure  loading  in  each  cycle  that  decreased  with 
each  pressurization  to  higher  pressure.  For  example,  the  number  of  recorded  events 
during  sustained  pressurizations  to  3000, 4000,  5000,  6000,  7000,  8000,  9000,  and 
10,000  psi  was  300,  305,  328,  427,  69,  35,  and  33.  During  the  subsequent  pressure 
cycles  (11  through  20)  to  9000  psi,  the  number  of  events  during  each  sustained 
loading  was  less  than  20. 

During  the  first  ten  pressure  cycles,  where  the  maximum  pressure  in  each 
cycle  was  increased  stepwise  by  1000  psi,  particular  attention  was  paid  to  the  number 
of  events  generated  during  the  last  1000-psi  pressure  increment.  It  was  assumed  that 
the  acoustic  activity  during  this  pressure  interval  could  be  utilized  as  a  predictor  of 
material  failure.  If  the  number  of  acoustic  events  during  the  last  1000-psi  pressuriza¬ 
tion  step  did  not  increase  significantly  from  one  pressure  cycle  to  another, ;  ue  cata¬ 
strophic  failure  of  the  composite  was  not  considered  to  be  imminent.  This  was  accom¬ 
plished  by  graphically  adding  the  number  of  acoustic  events  generated  in  each 
pressure  cycle  during  the  last  1000-psi  increment  (Figure  85). 

Inspection  of  the  graph  on  Figure  4  shows  that  the  number  of  acoustic  emis¬ 
sions  during  the  last  1000-psi  increment  in  pressure  cycles  1  through  10  increased 
vexy  little.  During  the  first  five  pressure  cycles,  the  acoustic  activity  during  the  last 
1000-psi  increment  was,  on  the  average,  2300  events  while  during  pressure  cycles  9 
through  10  it  had  increased  to  4000  events  per  increment.  This  increase  is  substan¬ 
tial,  but  not  yet  exponential. 

The  total  number  of  acoustic  events  during  each  of  the  ten  cycles  to  9000  psi 
(cycles  1 1  through  20)  was  approximately  the  same  (Figure  86).  These  events  were 
generated  at  identical  pressures  during  pressurization  and  depressurization  phases  of 
each  cycle.  Because  these  events  took  place  every  time  at  the  same  pressure  level,  it 
can  be  assumed  that  they  were  generated  by  sliding  contacts  between  components  of 
the  pressure  hull  assembly  and  not  crack  propagation  in  the  composite  (Figures  87 
and  88).  Very  few  (less  than  20),  or  no  events  were  recorded  during  the  sustained 
loading  phases  of  these  cycles. 

MATERIAL  PROPERTIES  OF  THE  GFRP  COMPOSITE 

Testing  of  the  coupons  cut  from  the  ends  of  the  Mod  2  cylinder  (Figures  57  to 
64)  has  shown  that  the  composite  is  elastic  at  the  design  stresses  generated  in  the 
cylinder  by  the  9000-psi  pressure.  As  expected,  the  properties  of  the  composite 
differed  between  hoop  and  axial  orientations  in  the  cylinder. 

The  moduli  of  elasticity  in  compression  were  measured  to  be  17,600,000  psi 
along  hoop  fibers  and  8,030,000  psi  along  axial  fibers  (Figures  61  and  62).  Ihg 


Poisson's  ratios  along  the  hoop  and  axial  orientations  were  0.27  and  0.25, 
respectively.  The  ultimate  strength  of  the  composite  in  compression  and  in  flexure 
varied  with  the  orientation  of  the  fibers  in  the  cylinder.  Along  hoop  fibers,  the 
nominal  compressive  and  flexure  strengths  were  77,500  and  81,000  psi.  Along  the 
axial  fibers,  Ihe  compressive  and  flexure  strengths  were  67,800  and  61,000  psi.  The 
failure  in  all  cases  was  due  to  delamination  (i.e.,  matrix  failure). 

The  ratio  of  material  strength  along  hoop  fibers  to  material  strength  along 
axial  fibers  (1.6  for  compressive  strengths),  did  not  follow  closely  the  2:1  ratio  of  hoop 
to  axial  fibers  in  the  composite.  There  is  no  simple  explanation  for  this  discrepancy. 

VISUAL  INSPECTION  OF  PRESSURE-HULL  ASSEMBLY 

Visual  inspection  of  the  exterior  and  interior  surfaces  on  the  AUSS  Mod  2 
pressure- house  assembly  after  completion  of  21  pressure  cycles  did  not  detect  any 
(1)  deterioration  of  the  GFRP  composite,  (2)  extrusion  of  epoxy  adhesive  from  the 
annular  spaces  between  the  cylinder  and  cylinder  seat  in  the  titanium  coupling  ring, 
or  (3)  permanent  deformation  of  the  titanium  coupling  ring  or  end  closures. 


DISCUSSION  OF  TEST  RESULTS 

STRUCTURAL  PERFORMANCE 

1.  The  structural  perfo.  nance  of  the  full-scale  AUSS  Mod  2  pressure-hull 
assembly  is  almost  identical  to  the  structural  performance  of  the  model-scale 
pressure-hull  AUSS  Mod  2  pressure  t7cled  100  times  to  9000  psi  prior  to  implosion 
testing.  This  observation  is  based  on  the  fact  that  the  strains  (microinches  per  inch) 
recorded  during  pressure  testing  on  both  pressure  hulls  at  the  same  geometrical 
locations  are  approximately  the  same  as  shown  below  (Table  6). 

Table  6,  Strains  recorded  during  pressure  testing. 


Hoop  Orientation 

Axial  Orientation 

Strains 

Model 

Full  Size 

Model 

Full  Size 

Midbay 

3,579 

3,383 

3,097 

3.086 

End 

Ring 

Elastic  Constants 

3.150 

3,304 

3,015 

3,573 

674 

Modulus  of  Elasticity 
Poisson’s  Ratio 

16.600.000 

17.600.000 

0.27 

8.700.000 

8.030,000 

0.25 

2.  The  structural  performance  of  the  AUSS  Mod  2  pressure  hull  is  adequate 
for  the  design  depth  of  9000  psi.  This  observation  is  based  on  the  fact  that  the  strains 
on  the  GFRP  cylinder  and  titanium  components  were  elastic  during  pressurization  to 
10,000- psi  proof  pressure  and  that  they  returned  to  zero  after  depressurization. 

3.  The  elastic  stability  of  the  AUSS  Mod  2  pressure  hull  is  adequate  for  the 
design  pressure  of  9000  psi.  This  observation  is  based  on  the  linearity  of  (1)  hoop 


strains  at  midbay  of  tbe  model-scale  and  full-scale  GFRP  cylinders,  and  of  the 
(2)  strains  on  the  interior  surface  of  titanium  end  closures  during  pressurization  to 
10,000  psi  (Reference  2). 

4.  The  structural  performance  of  the  Mod  2  cylinder  is  superior  to  Mod  1 
cylinder  fabricated  previously  by  Hercules,  Inc.  Aerospace  Division  (Reference  2). 
This  statement  is  based  on  the  comparison  of  strains  on  the  interior  surface  at 
midbay  of  full  scale  Mod  1  and  Mod  2  cylinders  (Figures  89  to  92).  Since  both  GFRP 
cylinders  have  the  same  internal  diameter  and  wall  thickness,  the  difference  in 
strains  at  mid-bay  reflects  the  difference  in  elastic  properties  of  the  two  composites. 
The  difference  in  strain  magnitude  is  substantial,  as  shown  below: 


Hoop  Orientation  I 

[  Axial  Orientation 

Units 

Mod  1  Cylinder 
Mod  2  Cylinder 

0.570 

0.377 

0.466 

0.342 

microinches/inch/psi 

microinches/inch/psi 

From  the  above  comparison,  it  appears  that  the  wet  fiber  wound  GFRP 
cylinder  is  51-percent  stiffer  in  hoop  and  36-percent  stiffer  in  axial  orientations  than 
the  prepregged  broadgoods  wound  GFRP  cylinder.  The  moduli  of  elasticity  measured 
experimentally  on  test  specimens  cut  out  from  Mod  1  and  Mod  2  cylinders  confirm 
this  finding. 


1  Hoop  Orientation 

Axial  Orientation 

Units 

Mod  1  Cylinder 

12,100,000 

6.500.000 

psi 

• 

Mod  2  Cylinder 

17.600,000 

8,700,000 

psi 

Because  of  increased  stiffness.  Mod  2  cylinder  has  a  higher  safety  margin 
against  catastrophic  failure  by  elastic  instability  at  design  depth  of  9,000-psi  (20,000 
feet). 


5.  The  residual  strains  inside  the  Mod  2  cylinder  generated  by  the  fabrication 
process  measured  prior  to  hydrostatic  testing  were  significantly  less  than  those  inside 
Mod  0  cylinder  (i.e..  -  IBS  vs.  -780  imcroinches/inch).  This  would  seem  to  indicate 
that  the  wet- winding  procedure  and  associated  curing  process  incorporates  smaller 
residual  strains  into  the  cylinder  than  winding  of  prepregged  bmndguods.  As  a  result, 
the  magnitude  of  compressive  residual  hoop  stresses  on  tire  interior  surface  of  Mod  2 
cylinder  is  only  -2900  psi.  while  on  the  interior  of  Mod  0  cylinder  it  was  measured  to 
be  -9500  psi.  Because  of  the  smaller  residual  stress  there  is  less  tendency  for  the  M<*d 
2  cylinder  to  delaminate  due  to  static  fatigue  while  in  storage 

MATERIAL  PROPERTIES 

The  strength  of  the  GFRP  composite  material  in  the  cylinder  appears  to  In¬ 
adequate  for  the  stresses  to  which  it  is  subjected  at  design  pressure  of  9000  psi  This 
observation  is  based  on  the  fact  that  the  maximum  hsiiP  stress  of  00.750  psi  on  the 
interior  surface  of  GFRP  cylinder  at  midbay.  and  the  axial  stress  of  34.900  psi  at  tb<- 
e;)d  of  the  cylinder  are  approximately  44  to  48  percent  less  than  the  ultimate  com¬ 
pressive  strength  of  the  GFRP  material  in  hoop  (108.500  psi).  and  ax;  a  (07.800  psi) 
directions  established  by  testing  of  material  coupons  cut  from  the  ends  of  tbe 
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cylinder.  This  observation  is  farther  supported  by  the  fact  that  crack  propagation 
and/or  delamination  of  the  composite  in  the  cylinders  was  neither  detected  by 
acoustic-emission  instrumentation  nor  noticed  during  post-test  inspection  after 
repeated  pressure  cycling  of  the  model-scale  and  full-scale  AUSS  Mod  2  pressure 
housings. 

The  compressive  yield  strength  of  cast  titanium  end  closures  (120,000  psi)  and 
of  wrought  Ti-6AL-4Va  titanium  coupling  rings  (130,000  psi)  is  adequate  for  the 
stresses  to  which  these  components  are  subjected  at  design  pressure  of  9000  psi.  This 
observation  is  supported  by  the  fact  that  the  maximum  recorded  compressive  stress  of 
98,670  psi  on  the  interior  surface  of  the  hemispherical  end  closure  (Reference  2)  and 
54,800  psi  on  the  inside  of  the  coupling  ring  are  at  least  18-percent  less  than  the  yield 
strength  of  these  materials  in  compression. 

The  compressive  strength  and  creep  resistance  of  epoxv  adhesive  bonding  and 
sealing  the  titanium  coupling  rings  to  the  ends  of  the  GFRP  cylinder  are  adequate  for 
the  axial  and  radial  bearing  stresses  generated  between  the  ends  of  the  cylinder  and 
the  coupling  ring  under  9000-psi  design  pressure.  This  observation  is  supported  by 
the  fact  that  (1)  steel  compressive  test  specimens  with  0.010-inch-thick  simulated 
epoxy  joint  did  not  debond  under  repeatedly  applied  76,500-psi  compressive  bearing 
stress,  and  (2)  the  adhesive  did  not  extrude,  debond,  or  fail  to  maintain  a  seal 
between  the  GFRP  cylinder  and  the  titanium  coupling  ring  under  10,000-psi  external 
proof  pressure. 

CYCLIC  FATIGUE  LIFE  EXPECTANCY 

The  cyclic  fatigue  life  of  the  AUSS  Mod  2  pressure  hull  is  predicted  to  exceed 
1000  pressurizations  to  design  pressure  of  9000  psi.  This  prediction  is  based  on  the 
fact  that  (1)  the  model-scale  AUSS  Mod  2  composite  cylinder  successfully  withstood 
100  pressure  cycles  to  9000-psi  design  pressure,  and  (2)  the  full-scale  AUSS  Mod  2 
composite  cylinder  successfully  withstood  12  pressure  cycles  to  9000  psi  without  any 
increase  in  acoustic  activity  during  pressure  cycling.  In  addition,  the  model-scale 
cylinder  did  not  exhibit  any  unusual  acoustic  activity  at  12500-psi  overpressure,  indi¬ 
cating  absence  of  cracking  or  delamination  even  at  38-per  cent  overpressure.  This 
margin  of  strength  remaining  after  100  pressurizations  to  design  pressure  indicates 
that  the  cyclic  fatigue  life,  gf. the  GFRP  composite. utilized  in  the  ^pstructignjaLUh; 
AUSS  model-scale  and  full-scale  cylinders  significantly  exceeds  1QQ  loadings  to  design 
stress  levels. 
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CONCLUSIONS 


The  AUSS  Mod  2  pressure-hull  assembly,  consisting  of  a  wet-wound  graphite- 
fiber  epoxy  composite  cylinder,  capped  with  adhesive-bonded  titanium  coupling  rings, 
and  closed  off  with  titanium  hemispherical  bulkheads  appears  to  satisfy  the  opera¬ 
tional  requirements  of  the  autonomous,  deep-submergence  AUSS  vehicle. 


The  0.58  weight-to-displacement  ratio  of  this  pressure-hull  assembly 
represents  the  lowest  ratio  achieved  to  date  by  any  unmanned  full-size  pressure  hull 
for  a  remotely  operated  or  autonomous  unmanned  vehicle  with  a  payload  of  950  lb 
and  predicted  cyclic  fatigue  life  in  excess  of  100  dives  to  20,000-foot  design  depth. 
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The  wet  winding  of  hoop  and  axial  fibers  appears  to  produce  thick  GFRP 
cylinders  with  higher  fiber  content  ( >  70  percent),  fewer  internal  wrinkles,  smaller 
residual  stresses,  and  less  resin-rich  areas  than  winding  of  prepegged  broadgoods.  The 
wet-winding  technique,  unlike  winding  of  broadgoods,  poses  no  limitation  on  the 
length  of  cylinder.  Construction  of  AUSS  Mod  2  composite  cylinder  by  wet  winding 
has  shown  that  GFRP  cylinders  with  t/Do<0.1  can  be  successfully  fabricated  by  this 
technique,  providing  that  the  winding  is  cured  at  wall  thickness  intervals  less  than 
0.2t. 

RECOMMENDATIONS 

1.  The  GFRP  composite  AUSS  Mod  2  cylindrical-hull  assembly  should  be  in¬ 
corporated  into  the  pressure  housing  of  the  AUSS  vehicle  for  service  to  a  20,000-foot 
depth. 

2.  The  design,  materials,  and  fabrication  procedure  used  in  the  AUSS  Mod  2 
cylindrical  hull  should  be  applied  without  further  development  to  the  construction  of 
deep-submergence  cylindrical  hulls  for  remotely  operated  or  autonomous  vehicles, 
providing  that  their  external  diameter  is  less  than  3  feet. 

3.  An  R&D  program  should  be  initiated  immediately  to  investigate  the  feasi¬ 
bility  of  applying  the  AUSS  Mod  2  pressure-hull  design,  materials,  and  fabrication 
procedures  to  construction  of  GFRP  pressure  huils  with  external  diameter  in  the  7- 
to  10-  foot  range  and  10-  to  20-foot  length  for  potential  service  as  pressure  hulls  in 
manned  noncombatant  submersibles. 
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Graphite-fiber-reinforced  plastic 
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Glass-fiber  reinforced  plastic 
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Figure  7.  Components  of  the  AUSS  Mod  1  pressure  housing  assembly.  Note  the  shape  of  the 
coupling  ring.  The  Mod  1  rings  provide  radial  restraint  only  to  the  Interior  cylindrical  surfaces  at 
the  ends  of  the  GFRP  cylinder. 
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Figure  9.  Coupling  ring  for  the  AUSS  Mod  2  pressure  hull. 


»11.  Titanium  end  closures  for  AUSS  pressure  hulls.  These  end  closures 
lod  2  coupling  rings. 


!A! 


ie  number  and  size  of  penetrations  in  the  end  closures  of  Figure  1 1 


attaching  the  cylindrical  hull  to  the  end  closure  as  shown  on  Figure  7. 


Figure  15.  Dimensions  of  the  model-scale  AUSS  Mod  2  cylindrical  GFRP  pressure  hull. 
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Figure  16.  End  rings  for  mating  the  GFRP  model-scale  cylinder  to  the  end  closures  shown  on 
Figure  17. 
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Figure  17.  End  closures  for  GFRP  model-scale  cylinder.  These  end  closures  represent  optimized 
design  for  9000-psi  design  depth  with  a  safety  factor  of  1 .25. 


GUIDE  PULLEYS 
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fur*  18.  Schematic  of  winding  procedure  for  composite  AUSS  Mod  2  cylindrical  hulls.  The 
me  procedure  and  equipment  was  used  in  winding  of  both  model-  and  full-scale  AUSS  Mod  2 
linders. 


FJgur#  1 9.  Winding  of  model-scale  AUSS  Mod  2  cylinder  by  computer  controlled  EnTec  4  axis 
machine  In  this  photograph,  the  teedeye  is  stringing  tows  axially  between  pinwbeels  attached  to 
the  ends  of  the  mandrel 
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Figure  20.  Laminate  stacking  sequence  for  the  model-scale  AUSS  Mod  2  cylinder.  Note  that  in 
the  first  layer,  the  ratio  of  hoop  to  axial  fibers  is  2.5:1 .  In  the  second  and  third  layers,  the  ratio 
decreases  to  2:1. 


Figure  21.  Cross-section  of  wall  thickness  in  model-scale  AUSS  Mod  2  cylinder 
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MAGNIFICATION  30 


Figure  22.  Cross-section  of  wall  thickness  in  model-scale  AUSS  Mod  2  cylinder  shown  In  figure 
21  magnified  30  times.  Note  the  uniformity  of  lamina  thicknesses  and  thair  circularity,  attesting  to 
the  high  quality  of  winding  process  utilized  by  Martin  Marietta  Energy  Systems  for  fabrication  of 
the  model-scale  GFRP  cylinder. 
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Figure  26.  Assembled  model-scale  AUSS  pressure  housing. 


27.  Assembled  and  Instrumented  model-scale  AUSS  Mod  2  pressure  housing  prior  to 

ent  Into  a  deep-ocean  simulator  vessel  for  proof  testing  to  10,000  psi  and  pressure  cycling 
•psi  design  pressure 


PRESSURE  VESSEL 
END  CLOSURE 


ROCKWELL  C  ?6 


Figure  28.  Test  setup  tot  testing  of  model-scale  AUSS  Mod  2  pressure  housing  to  implosion 
Note  that  tn  this  test  arrangement,  the  titanium  hemispherical  end  closures  have  been 
replaced  by  fiat  steel  bulkheads  that  do  not  provide  any  radial  support  to  the  cylinder  ends 
during  pressure  testing  of  the  cylinder  The  oversized  O-rings  in  the  bulkheads  are  not 
intended  to  seal  the  ends  of  the  cylinder  but  to  provide  a  uniform  radial  clearance  between 
the  steel  bulkhead  and  the  cylinder  The  hemispherical  end  closures  could  not  be  used  for 
the  implosion  test  as  they  have  been  optimized  for  the  9000-psi  design  pressure  with  only  a 
1  25  safety  factor  and  would  probably  implode  prior  to  the  cylinder  designed  with  a  safety 
factor  of  2. 


MocfelSoale 


end  the  ends  by  hemispherical  end  closures.  Note  that  there  is  very  little  divergence  between 
hoop  strains  measured  by  Individual  straingages,  indicating  absence  of  inciplen  elastic 
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Figure  31.  Winding  of  axial  oriented  Iowa  over  the  hoop  lamina 
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Figure  41.  Partially  completed  hoop  lamina. 


Figure  42  Trimming  the  polymerized  cylinder  to  the  specified  length  of  65  inches  Liquid 
nitrogen  is  used  to  shrink  the  aluminum  mandrel  for  making  the  removal  of  rings  easier 
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Figure  46.  Ms 


30X 


Figure  47.  Typical  quality  tit  the  composite  in  the  AU5S  Mod  2  hull,  the  cunstrur  turn  nt  the 
composite  in  the  first  inch  of  wall  thickness  displays  3^51  ratio  of  hoop  to  axial  ot  united 
fibers  The  alternating  hoop  and  axial  oriented  lammas  are  0  034 r>  and  o  0136  mch  thick, 
tespectively 


Figure  48.  Typical  quality  of  the  composite  m  the  AUSS  Mop  2  hull,  the  construction  at  the 
composite  in  the  1  to  2  5  inch  thickness  internal  displays  a  2  1  ratio  of  hoop  to  axial- oriented 
fibers  The  alternating  hoop- and  axial  oriented  lammas  are  0  027  and  0  0136  inch  thick 
respectively 


example  of  entrapped  air  porosity  between  hoop  fibers  at  several  locations  in 
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Figure  51.  Typical  quality  of  the  composite  in  the  last  five  laminas  under  Ihe  exterior  surface  of 
the  composite  in  the  AUSS  Mod  2  hull;  the  hoop  winding  on  the  exterior  surface  is  0.04&-inch 


Figure  52.  Overall  view  of  the  wall  cross-section  In  AUSS  Mod  2  hull.  Note  the  uniformity  and 

circularity  of  the  individual  hoop  laminas  in  the  composite  indicating  the  high  quality  of  fiber 
winding  procedure  employed  by  Martin  Marietta  Energy  Systems  to  fabricate  the  cylinder. 
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Figure  53.  Set  up  for  sonic  scanning  of  the  full-scale  AUSS 

energy.  Jets  of  water  are  used  to  couple  top  acoustic  sig',a 


too 


Figure  55.  Record  of  sonic  scan  at  2.25-MHz  frequency  and  49-db  signal  strength  setting.  Note 
the  white  longitudinal  streaks  appearing  at  regular  intervals  around  the  circumference  of  the 
cylinder.  These  streaks  indicate  locations  of  minor  porosity  along  the  axis  of  fiat  spots  generate 


Figure  56.  Record  of  sonic  scan  at  2.25  MHz  frequency  and  55-dB  signal  strei 
that  most  of  the  white  spots  have  disappeared  in  this  recording  because  of  !>  ( 
strength  setting  during  the  test 


Figure  59.  Compressive  test  specimens  machined  from  material  coupons  Nets  that  one  test 
specimen  was  machined  from  axioi  oriented  material  coupon  while  the  other  one  was  machined 
from  a  hoop-oriented  material  coupon 
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Figure  to.  Failed  axial-compression  specimen  The  average  compressive  stress  at  faihxe  was 
67.800  psa 
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Figure  61.  Strains  recorded  during  compression  testing  of  the  axlal-orieratxl  test  specimen 
Based  on  these  strains,  the  tangent  modulus  of  elasticity  was  calculated  to  be  806  x  10*  psi. 
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Figure  62.  Strains  recorded  during  compressw  testing  of  the  hoop  oriented  test  specimen 
Based  on  these  strains,  the  tangent  modulus  of  elasticity  was  calculated  to  be  17  6  x  10  psi 
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ngurt  M.  Fte*ure  lest  specimens  machined  from  material  coupons  Note  that  one  tea  specimen 
was  macfuned  from  amt-oriented  and  the  other  one  from  hoop-oriented  material  coupons. 


Figure  65.  Titanium  coupling  ring;  Interior  view.  Note  the  bosses  for  attachment  of  guide  rails 
used  to  support  payload  components  inside  the  cylinder. 


Figure  66.  Titanium  coupling  ung;  exterior  view  Note  the  groove  for  containment  of  O-rlng  seal 
between  the  end  of  the  cylinder  and  the  end  closure. 


Figure  67.  The  30  785-inch  OD  *  25  75-inch  ID  x  65-inch  L  AUSS  Mod  2  cylindrical  pressure  hull 
being  prepared  for  bonding  of  titanium  coupling  rings. 


DETAIL  A 


2  cylindrical  hull. 
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LOCATIONS  OF  AE  SENSOR  IN  THE  CYLINDER 


A  COAXIAL  CABLE  FROM 
FEED-THROUGH  IN  THE 
ENCLOSURE 


COMPOSITE  CYLINDER  THIS  SURFACE  OF  THE  BRASS  PLATE 

WAS  GROUND  TO  FIT  THE  CONTOUR 
OF  THE  CYLINDER 

Figure  70.  Location  of  the  acoustic-emission  sensors  on  the  interior  surface  of  the  AUSS  Mod  2 
cylindrical  hull. 
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lemisphere  to  provide  the  bearing  surface  for  the  wedge  clamp  during  assembly  ol 
rtod  2  hull  for  pressure  testing  (see  Figure  13). 
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Figure  73.  AUSS  Mod  2  null  assembly.  Note  the  fixtures  on  the  end  closures  for  securing  the 
hull  assembly  to  the  test  cage 
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Figure  7$.  Axial  strains  measured  on  the  interior  surface  ot  AUSS  Mod  2  cylindrical  hull  at  mietbay. 
Those  strains  are  identical  to  those  on  GFRP  model-scale  AUSS  cylinder  (Figure  30). 
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Figure  79.  Hoop  strains  measured  on  the  interior  surface  of  AUSS  Mod  2  cylindrical  hull  at  the 
end  The  strains  are  identical  to  those  on  GFRP  model-scale  AUSS  cylinder  (Figure  31).  The 
magnitude  of  strains  is  approximately  10-percent  less  than  at  midbay  (Figure  77)  indicating  that 
the  titanium  hemispherical  end  closures  provide  only  minor  radial  support  to  the  ends  of  the  GFRP 


Figure  80.  Axial  strains  measured  on  the  interior  surface  of  AUSS  Mod  2  cylindrical  hull  at  the 
end  The  magnitude  of  strains  is  approximately  10-peicent  greater  than  at  midbay  (Figure  78) 
indicating  minor  bending  of  the  cylinder  wall  due  to  radial  support  of  its  ends  by  the  titanium  end 
closures 


the  end  closure.  Note  that  the  hoop  strains  are  approximately  10  percent  less  than  at  midb 
indicating  that  the  mismatch  in  radial  compliance  between  the  GFRP  cylinder  and  titanium 
hemisphere  is  only  10  percent. 
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Figure  84.  Volumetric  decrease  of  the  AUSS  Mod  2  pressure-hull  assembly  during  proof  testing. 
The  displacement  of  the  hull  assembly  decreases  by  6250  ml  (0.6  percent)  at  operational  pressure 
of  9000  psi.  Since  the  density  of  seawater  has  increased  at  that  pressure  by  2.66  percent,  the 
overall  result  is  an  increase  in  buoyancy  of  48  lb  for  the  whole  AUSS  Mod  2  hull  assembly. 


THE  GRAPH  REPRESENTS  THE  SUM  OF  ACOUSTIC 
EMISSIONS  GENERATED  IN  EACH  PRESSURE  CYCLE 
DURING  THE  LAST  1000  psi  PRESSURE  INCREMENT 


pressure  increased  in  each  cycle  by  1000  psi.  Note  that  the  number  of  acoustic  events  generated 
during  the  last  1000-psi  pressure  interval  in  each  cycle  was  constant  indicating  material  failure 
was  not  imminent  in  the  10,000-to  12,000-psi  pressure  range. 
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Figure  90.  Strains  and  water  displacement  during  relaxation  of  AUSS  Mod  2  pressure  hull 
assembly  after  sustained  pressure  loading  in  Cycle  No.  7. 


MODI  CYCLE  7  03/06/86  1 1  47:56  AM  START  OF  SUSTAINED  LOADING 


M001  CYCLE  7  03/06/86  12  38:57  PM  START  OF  RELAXATION 
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FJjjur*  92.  Strains  and  water  displacement  during  relaxation  of  AUUS  Mod  1  pressure-hull 
assembly  in  Cycle  Nc.  7. 
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RING  COMPRESSION  SPECIMEN 
DENSITY  AND  FIBER  FRACTIOh 


MATERIAL 

DENSITY,  lb/in3 

IM6/ERL2258/MPDA 

0.0569 

T40/ERL2258/MPDA 

0.0594 

IM6/ERX4903/MPDA 

0.571 

T40/ERX4903/MPDA 

0.597 
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RING  COMPRESSION  TEST 


ULTIMATE 

STRAIN  DATA 
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CONCEPTUAL  CASE 


1 .  Layup  ratio  for  fiber  layers  2.0:1 .0 
with  90/0  degree  orientations. 
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CONCEPTUAL  CASE 


3-D  Orthotropic  Elastic  Constants 

0/90  2:1  Layup  (volume  averaged)  i 


ER  =  1,75  Msi 

vpo  =  0.040 

E0  =  17.04  Msi 

vQR  =  0.393 

Ez  =  9.30  Msi 

voz  =  0.052 

> 

Gr0  =  0.81 1  Msi 

v2o  :  0.028 

Goz  =  0.935  Msi 

vZR  =  0.386 

Gr2  =  0.688  Msi 
p  =  0.577  lb/in3 

vRZ  =  0.072 

i 

fiber  volume  =  0.7 
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Stress  Values*  at  Cylinder  Midbay 


Radius 

Inside 

Outside 


Hoop  Stress 
(psi) 

-64,950 

-59,500 


Axial  Stress 
(psi) 

-31.300 

-34,700 


H/A  Ratio 
2  075 
1  715 


Layup  ratio  between  hoop 

and  axial  fibers  for  the 

whole  thickness  2  0:10 

Stress  ratio  is  lower  at  outside  radius  than  at  inside  radius 
Optimum  ply  ratio  should  be  different  for  inside  and  outside 

•All  stress  values  referred  to  10,000  psig  pressure 
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CYLINDER  AXIAL  STRAIN  CONTOURS 


CYLINDER  AXIAL  STRESS  CONTOURS 


PART  II 


DESIGN  CASE 
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DESIGN  CASE 

1.  Layup  ratios  for  fiber  layers  2.4:1 .0/1 .9:1 .0 
with  90/0  degree  orientations. 

2.  Thickness  ratio  of  layup  layers  —  40:60. 
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WALL  THICKNESS 
-0.520- 


-H 


520— ► 
0.312  - 


T  END  OF  CYLINDER 


6.705  inches 
HALF  LENGTH 


MIDBAY 
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OUTSIDE 
RADIUS  3  170 


BUSS  SUB SCALE 
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DSP  -  1.00000E+00 
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/TITANIUM  HEMISPHERE 


^TITANIUM  RING 

/EPOXY  ADHESIVE 
/  /COMPOSITE  CYLINDER 


1.9:1  0  LAYUP  RATIO 
OUTER  LAYER 
60%  OF  THICKNESS 


CYLINDER 

THICKNESS 


2  4:1.0  LAYUP  RATIO 
INNER  LAYER 
40%  OF  THICKNESS 
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DESIGN  CASE 


3-D  Orthotropic  Elastic  Constants 
0/90  2.4:1. 0  Layup  (volume  averaged) 


ER 

=  1.74  Msi 

WR0 

=  0.038 

E0 

=  17.95  Msi 

W0R 

=  0.393 

Ez 

=  8.39  Msi 

V0Z 

=  0.058 

GRO 

=  0.826  Msi 

vzo 

=  0.027 

Goz 

-  0.935  Msi 

VZR 

=  0  385 

Grz 

=  0.673  Msi 

VRZ 

=  0.080 

p 

=  0.0577  lb/in3 

fiber  volume  =  0.7 


DESIGN  CASE 

3-D  Orthotropic  Elastic  Constants 
0/90  1 .9:1 .0  Layup  (volume  averaged) 


!„  =  1.75  Msi 

VR0 

=  0.041 

i0  =  16.78  Msi 

W0R 

=  0.393 

=  9.57  Msi 

V0Z 

=  0.050 

jR0  =  0.807  Msi 

V20 

=  0.029 

50Z  =  0.935  Msi 

VZR 

=  0.387 

5rz  =  0.692  Msi 

VRZ 

=  0.071 

>  =  0.0577  lb/ in3 

fiber  volume  =  0.7 


DESIGN  CASE 

Stress  Values*  at  Cylinder  Midbay 

‘■loop  Stress  Axial  Stress 

Radius  (psi)  (psi)  H/A  Ratio 

Inside  -67,500  -29.000  2  32 

Outside  -58,000  -36,000  1  61 

Layup  ratios  between  hoop 
and  axial  fibers 

Inner  Layer  2.4:1  0 
Outer  Layer  1910 

Thickness  ratio  of 

inner  and  outer  layers  40  60 


All  stress  values  referred  to  10,000  psig  pressure 
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PART  III 
AS  BUILT  CASE 


I 


ft 


AS  BUILT  CASE 


1.  Layup  ratios  for  fiber  layers  2.5: 1 .0/2.0: 1 .0  ft 

with  90/0  degree  orientations. 

2.  Thickness  ratio  of  layup  layers  —  35:65. 


WALL  THICKNESS 
- 0  520 - 
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AS  BUILT  CASE 


/TITANIUM  HEMISPHERE 

/TITANIUM  RING 

/  /EPOXY  ADHESIVE 

/  /  /COMPOSITE  CYLINDER 


«-30S£  *  £ 
■*-300£  *  £ 
+30S2*£ 


2  0  1  0  LAYUP  RATIO 
OUTER  LAYER 
65%  OF  THICKNESS 


CYLINDER 

THICKNESS 


2  5  1  0  LAYUP  RATIO 
INNER  LAYER 
35%  OF  THICKNESS 
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LAMINATE  STACKING  SEQUENCE 


AUSS  MODEL  SCALE  PRESSURE  HULL 
CYLINDER  FABRICATION  INSTRUCTION 


IAMINAS 
HOOP  62 


Tension 

(lbs) 


Thickness 

(m.) 

0.0069 
0.0069 
0.0136 
0.0069 
0.0069 
0.0069 
0.0069 
00069 
0.0136 
0.0069 
0.0069 
0.0069 
00069 
0  0069 
0  0136 
0.0069 
0.0069 
00069 
0  0069 
0  0069 
00136 
00069 
0  0069 


0  0069 


Cumulative 

Thickness 

(in.) 

0.0069 
0.0138 
0.0274 
0.0343 
0.0412 
0  0481 
0.0550 
0  0619 
0.0755 
00824 
0.0893 
0  0962 
0  1031 
0.1100 
0.1236 
0.1303 
0.1374 
0.1443 
0.1512 
0.1581 
0.1717 
0.1786 
0.1855 


0  0069 

0  3984 

0  0069 

0  4053 

00136 

04189 

0  0069 

05258 

0  0069 

0  4327 

0  0069  0  5220 


AS  BUILT  CASE 

3-D  Orthotropic  Elastic  Constants 
0/90  2.5:1 .0  Layup  (volume  averaged) 


ER  =  1  68  Msi 

VpO  ™  0 038 

E0  =  17  39  Msi 

vQR  =  0  396 

Ez  =  7  85  Msi 

vQ2  =  0  059 

Gro  =  0  766  Msi 

vZQ  =  0  027 

Goz  =  0.875  Msi 

v2R  =  0  389 

Grz  =  0  631  Msi 
p  -  00571  lb/m3 

=  0  083 

fiber  volume  -  0  67 

AS  BUILT  CASE 

3-D  Orthotropic  Elastic  Constants 
0/90  2.0:1 .0  Layup  (volume  averaged) 


R  :  1  68  Msi 

WR0 

-  0  041 

0  =  1 6  33  Msi 

W0R 

-  0  396 

iz  =  8  91  Msi 

w02 

=  0  052 

iR0  =  0  751  Msi 

vzo 

=  0.028 

}Q2  0  857  Msi 

VZR 

-  0  390 

jrz  =  0  646  Msi 

VRZ 

=  0  073 

i  =  0  0571  lb/in3 

fiber  volume  :  0  67 


w 


AS  BUILT  CASE 


Stress  Values*  at  Cylinder  Midbay 


Radius 

Inside 

Outside 


Hoop  Stress  Axial  Stress 
<pst>  (psi) 


-67.500 

-58.250 


-29.000 

-35,800 


H/A  Ratio 


Layup  ratio  between 
hoop  and  axial  fibers 

Inner  Layer  2  5:10 
Outer  Layer  2  0:1.0 


thickness  ratio  of 
inner  and  outer  layers 


3565 


•All  stress  values  referred  to  10.000  psig  pressure 
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PROFILE  OF  flXIRL  STRESS 
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PROFILE  OF  RBOIflL  STRESS 
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CONTOURS  OF  TZ- SHEAR  STRESS 


APPENDIX  B 


AUSS  Model-Scale  Pressure-Hull  Cylinder  from  Glass- 
Fiber-Reinforced  Plastic 


Note:  The  calculations  of  layer,  composite,  end  effective  cylinder  properties  were 
obtained  from  If  Garala.  NSKDC  and  R.G.  Rudtust,  Oak  Ridge  National  Laboratory 


GENERAL 


Although  graphite- fiber-reinforced  plastic  (GFRP)  was  the  prime  candidate  for 
fabrication  of  the  cylindrical  pressure  hull  in  the  AUSS  vehicle,  the  glass-fiber- 
reinforced  plastic  (GRP)  was  also  seriously  considered  for  this  application.  To  this 
end,  a  GRP  model-scale  pressure-hull  cylinder  was  fabricated  by  Martin  Marietta 
Energy  Systems  at  Oak  Ridge,  TN,  using  the  same  tooling  employed  for  the  winding 
of  the  AUSS  model-scale  pressure-hull  GFRP  cylinder. 

FABRICATION 

The  dimensions  of  the  GRP  model-scale  cylinder  were  identical  to  those  of  the 
GFRP  cylinder  to  facilitate  direct  comparison  between  structural  performances  of 
cylinders  made  from  GRP  and  GFRP  (Figure  B-l).  There  was  a  difference,  however, 
in  the  hoop-to-axial  layup  ratios.  While  the  GFRP  cylinder  was  wound  with  2.5:1 
hoop-  to-axial  ratio  in  the  first  40  percent  of  thickness,  followed  by  2: 1  ratio  in  the 
remainder  of  the  thickness,  the  GRP  cylinder  was  wound  using  only  the  2:1  hoop-lo- 
axial  ratio  (Figure  B-2).  The  materials  used  in  the  winding  of  the  GRP  cylinder  was 
S2  glass  and  ERL  2258-PDA  epoxy  resin  (Figure  B-3}. 

The  computer-generated  CLASS  program  compared  the  calculated  physical 
properties  of  individual  composite  layers  and  of  laminate  with  2:1  hoop  Ur  axial  ratio 
in  GRP  and  GFRP  cylinders  (Table  B-l).  The  calculated  longitudinal  and  transverse 
moduli  of  elasticity  indicated  that  the  GRP  cylinder  should  be  elastically  stable  at 
design  pressure  of  9,000  psi  without  any  radial  end  support.  Furthermore,  the 
laminate  transverse  (axial)  modulus  appears  to  be  almost  as  large  as  the  laminate 
longitudinal  (hoop)  modulus  because  the  glass  fiber  is  highly  isotropic  in  both  axial 
and  transverse  directions. 

In  this  respect,  the  calculated  GRP  laminate  2: 1  ratio  properties  are  very 
different  from  the  calculated  GFLP  laminate  (2:1  ratio)  properties  (Table  B-2).  In  the 
GFRP  laminate,  the  trans-verse  (axial)  modulus  is,  approximately,  only  54  percent  of 
the  longitudinal  (hoop)  modulus  because  the  structural  properties  of  GFRP  fibers  ar«- 
highly  directionally  oriented  {27,400,000  along  fiber  versus  1,550.000  psi  transverse* 

Based  on  the  review  of  calculated  laminate  moduli  ratios  «n  GFRP  and  GRP 
composite  cylinders,  one  can  conclude  that  the  2: 1  hoop- to-axial  layup  ratio  does  not 
represent  the  optimum  layup  ratio  for  maximixing  resistance  to  circumferential 
elastic  instability  without  increasing  the  axial  stresses  to  dangerous  levels.  For  GRP. 
the  ratio  should  fall  into  the  3  to  5  range,  while  for  GFRP  it  should  be  in  the  2.2  to 
2.5  range  The  actual  layup  ratios  chosen  for  the  AUSS  model-scale  pressure-hull 
cylinders  were  2.19:1  for  GFRP  and  2:1  for  GRP  constructions.  Obviously,  the  ratio 
chosen  for  GFRP  is  closer  to  the  optimum  layup  ratio  than  the  one  for  GRP 

The  GRP  cylinder  was  wound  in  two  stages.  After  winding  half  of  the  thick¬ 
ness.  the  composite  was  jelled  by  heating  it  to  between  120*  to  FiO'F  for  16  hours 
while  rotating  on  the  aluminum  mandrel  After  jelling,  the  winding  was  continued 
until  the  full  thickness  was  attained.  The  fully  wound  cylinder  was  again  heated  to 
between  120*  to  130*F  for  16  hours  while  slowly  rotating  on  the  mandrel.  The 
completely  jdiod  cylinder  was  now  cured  in  an  oven  for  4  hours  at  300*K  while  still 


Table  B-l.  Calculated  properties  of  GRP  used  in  design  of  model-scale  AUSS 
pressure-hull  cylinder. 


*  *  *  *  *  LAYER  PROPERTIES - * 

pppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppp 


LAYER  identification  is  number  .  6 

The  LAYER  has  been  named . S2/2258/.79VF 

Layer  Axial  Modulus  is  . 9.800E+06 

Layer  Transverse  Modulus  is . 4.900E+06 

Layer  Axial  Poisson’s  Ratio  is . 0.2500 

Layer  Transverse  Poisson’s  Ratio  is .  0.2800 

Layer  Axial  Shear  Modulus  is  . 2.000E+06 

Layer  Axial  Thermal  Expansion  Coeff.  is  .  1.750E-06 

Layer  Transverse  Thermal  Expansion  Coeff.  is .  7.000E-06 

Layer  Axial  Tensile  Strength  is  .  2.900E+05 

Layer  Axial  Compressive  Strength  is  . 2.Q00E+05 

Layer  Transverse  Tensile  Strength  is .  1.400E+04 

Layer  Transverse  Compressive  Strength  is . 4.200E+04 

Layer  Shear  Strength  is .  2.800E+04 

Layer  Density  is  .  7.800E-02 


LAMINATE  THERMOELASTIC  PROPERTIES 

pppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppp 

MATERIAL  IS  : 

M6/T.3333/0/T.0833/90/-90/S 


LAMINATE  LONGITUDINAL  MODULUS  (  0) 

(E  xx) 

S 

8.193E+06 

LAMINATE  TRANSVERSE  MODULUS  (90) 

(E  yy) 

= 

6.554E+06 

LAMINATE  SHEAR  MODULUS  (in  plane) 

(G  xy) 

s 

2.000E+06 

LAMINATE  MAJOR  POISSON’S  RATIO 

(NU  xy) 

• 

0.1875 

LAMINATE  LONGITUDINAL  BENDING  MODULUS  (D  xx) 

- 

8. 

015E+05 

LAMINATE  TRANSVERSE  BENDING  MODULUS 

(D  yy) 

= 

4.234E+05 

LAMINATE  SHEAR  BENDING  MODULUS 

(D  xy) 

= 

1.666E+05 

LAMINATE  DENSITY 

= 

7.850E-02 

LAMINATE  LONGITUDINAL  EXPANSION  COEFFICIENT 

C  ») 

2.915E-06 

LAMINATE  TRANSVERSE  EXPANSION  COEFFICIENT 

c  yy) 

s 

4.485E-06 

LAMINATE  SHEAR  EXPANSION  COEFFICIENT 

(‘  xy) 

s 

1.484E-36 

LAMINATE  THERMAL  CURVATURE  COEFFICIENT 

(k  xx) 

= 

1.079E-20 

LAMINATE  THERMAL  CURVATURE  COEFFICIENT 

(k  yy) 

= 

-2.124E-20 

LAMINA FE  THERMAL  CURVATURE  COEFFICIENT 

(k  xy) 

* 

-9.91 5E -29 

B-3 


•  •  • 


Table  B-2.  Calculated  properties  of  GFRP  used  in  design  of  model-scale  AUSS 
pressure-hull  cylinder. 


.....  LAYER  PROPERTIES  ***** 

ppppppppppppppppppppppppppppppppppppppppppppppppppppppppoppppppppppppppppp 


LAYER  identification  is  number . 4 

The  LAYER  has  been  named  . IM6/2258/.68VF 

Layer  Axial  Modulus  is  .  2  740E+07 

Layer  Transverse  Modulus  is .  1.551E*06 

Layer  Axial  Poisson’s  Ratio  is  .  0.3110 

Layer  Transverse  Poisson’s  Ratio  is . 0.3300 

Layer  Axial  Shear  Modulus  is .  9.260E+05 

Layer  Axial  Thermal  Expansion  Coeff.  is  .  -3.000E-07 

Layer  Transverse  Thermal  Expansion  Coeff.  is .  1.300E-05 

Layer  Axial  Tensile  Strength  is .  4.700E+05 

Layer  Axial  Compressive  Strength  is  .  3.500E+Q5 

Layer  Transverse  Tensile  Strength  is  .  7.700E+03 

Layer  Transverse  Compressive  Strength  is  .  2.300E+04 

Layer  Shear  Strength  is .  1.300E+Q4 


LAMINATE  THERMOELASTIC  PROPERTIES 

pppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppp 

MATERIAL  IS  :  M4/T.3333/0/T.0833/90/-90/S  IM6/2258/.68VF 


LAMINATE  LONG  "UDINAL  MODULUS  (  0) 

(E  xx) 

1.887E+07 

LAMINATE  TRA'  A..  E  MODULUS  (90) 

(E  yy) 

= 

1.021E+07 

LAMINATE  SHEAR  MODULUS  (in  plane) 

(G  xy) 

& 

9.260E+05 

LAMINATE  MAJOR  POISSON’S  RATIO 

(NU  xy) 

= 

0.0474 

LAMINATE  LONGITUDINAL  BENDING  MOOULUS  (D  xx) 

3 

2.207E+06 

LAMINATE  TRANSVERSE  BENDING  MOOULUS 

(D  yy) 

5S 

2.093E+05 

LAMINATE  SHEAR  BENDING  MOOULUS 

(D  xy) 

= 

7.712E+04 

LAMINATE  DENSITY 

O.OOOE+OO 

LAMINATE  LONGITUDINAL  EXPANSION  COEFFICIENT 

C  xx) 

2.542E-07 

LAMINATE  TRANSVERSE  EXPANSION  COEFFICIENT 

C  yy) 

= 

1.237E-06 

LAMINATE  SHEAR  EXPANSION  COEFFICIENT 

(’  xy) 

a 

-1.Q51E-3S 

LAMINATE  THERMAL  CURVATURE  COEFFICIENT 

(k  xx) 

a 

-1  891E-22 

LAMINATE  THERMAL  CURVATURE  COEFFICIENT 

(k  yy) 

a 

8.947E-21 

LAMINATE  THERMAL  CURVATURE  COEFFICIENT 

(k  xy) 

a 

-9.029E-28 

Press  Any 
Key 

CHECK  SUPPUEO  CONDITIONS 
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mounted  on  the  now  nonrotating  mandrel.  After  cure,  the  composite  cylinder  was  re¬ 
moved  from  the  mandrel  and  trimmed  to  length. 

The  fabrication  process  for  GRP  model-scale  cylinder  was  significantly  shorter 
(52  hours)  than  for  the  GRFP  model-scale  cylinder  (96  hours)  because  of  the  two 
additional  intermediate  curing  cycles  used  in  fabrication  of  GFRP  cylinder.  This 
makes  the  fabrication  of  GRP  cylinders  substantially  more  economical  than  GFRP 
cylinders.  WheD  one  adds  to  this  a  4:1  price  differential  in  cost  of  fiber,  the  overall 
production  cost  of  GRP  cylinders  can  be  projected  to  be  less  than  50  ptreent  of  GFRP 
cylinders. 

Microscopic  inspection  of  the  fabricated  GRP  model-scale  cylinder  disclosed 
the  laminate  to  be  of  good  quality.  Tne  layers  were  of  uniform  quality  with  only 
minor  dispersed  resin-rich  inclusions  (Figure  B-4). 


TESTING 


♦ 
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PRESSURE-TESTING  SETUP 

The  testing  of  the  model  scale  GRP  cylinder  was  identical  to  the  testing  of  the  • 

GFRP  cylinder.  For  proof  testing  to  10,000  psi,  the  GRP  cylinder  was  equipped  with 
titanium  end  rings  and  capped  with  titanium  hemispheres  (Figures  B-5  through 
B-10).  These  metallic  components  provided  the  GRP  cylinder  with  only  a  minimum  of 
radial  end  support,  which  minimized  flexure  and  shear  stresses  at  cylinder  ends. 

For  pressurization  above  10,000  psi,  the  titanium  hemispheres  (which  would  •  # 

fail  at  11,500  psi)  were  replaced  with  flat  steel  closures  capable  of  withstanding 
pressures  to  20,000  psi  (Figures  B-12  and  B-13).  The  same  flat  end  plates  were  used 
previously  for  implosion  testing  of  the  GFRP  model-scale  cylinder. 

Prior  to  pressure  testing,  the  interior  of  the  GRP  cylinder  was  instrumented 
with  ten  90°F  straingage  rosettes  and  a  single  acoustic-emission  transducer  with  150-  • 

kHz  natural  frequency  (Figure  B-ll).  Both  the  straingages  and  the  acoustic-emission 
transducer  were  to  provide  advance  warning  of  impending  implosion  and,  thus,  an 
opportunity  to  terminate  pressurization  prior  to  destruction  of  the  model-scale 
pressure  hull. 

PRESSURE-TESTING  PROCEDURE  # 

The  AUSS  model-scale  GRP  cylinder  was  subjected  to  the  same  test  procedure 
as  the  GFRP  cylinder  (Appendix  A).  First,  the  test  assembly  consisting  of  the  cylinder 
capped  at  both  ends  with  titanium  hemispheres  (Figure  B-7)  was  prooftested  at 

10,000  psi  while  the  strains  were  read  at  1,000-psi  intervals.  Following  the  prooftest.  • 

the  same  assembly  was  pressure  cycled  ten  times  to  9,000  psi  The  strains  were  rend 
again  at  the  completion  of  10-pressure  cycles  to  determine  if  any  creep  took  place 
during  cycling. 

After  successful  completion  of  pressure  cycling,  the  test  assembly  was  removed 
from  the  pressure  vessel  and  disassembled.  The  GRP  cylinder  was  now  mated  with  • 

the  Qat-stecl  end  plates  (Figures  B-12  and  B-13)  and  placed  hack  into  the  pressure 
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vessel  The  i  ressurization  of  this  test  assembly  proceeded  at  700  psi/minute  rate  with 
30-second  pauses  for  taking  strain  readings  at  1000  psi  intervals.  Pressurization  was 
terminated  at  17,500  psi  when  it  appeared  that  implosion  was  imminent.  This 
decision  was  based  on  exponential  rise  of  acoustic-emission  events  during  the 
pressurization  interval  from  17,000  to  17,500  psi.  Upon  removal  from  the  pressure 
vessel,  the  GRP  tylinder  was  inspected  for  any  visual  signs  of  damage.  None  were 
observed. 


TEST  FINDINGS 

The  hoop  and  axial  strains  recorded  by  straingages  on  the  interior  of  the  GRP 
cylinder  (Table  B-3)  increased  linearly  with  pressure  to  10,000  psi  (Figures  B-14  and 
B*15).  The  average  hoop  and  axial  strains  recorded  at  midbay  were  -7592  and  -3608 
microinches/inch;  at  ihe  ends,  the  strains  decreased  to  -5485  and  -3086  microinches 
per  inch,  respectively.  The  significant  decrease  in  hoop  strains  at  the  ends  indicates 
that  the  titanium  hemispherical  end  closures  (Figure  B-10)  provide  considerable 
radial  support  to  the  ends  of  the  GRP  cylinder  and  generate  significant  shear  stresses 
whose  magnitude,  unfortunately,  cannot  be  determined  from  available  strain  data. 

The  recorded  strains  were  used  to  calculate  the  effective  moduli  of  elasticity  in 
hoop  and  axial  directions  (Table  B-4).  Suprisingly,  the  hoop  (7,690,000  psi)  and  axial 
(6,860,000  psi)  moduli  of  elasticity  were  of  about  the  same  magnitude  even  though 
the  fiber  layup  ratio  between  90  and  0  degree  orientation  is  2:1.  Based  on  this 
finding,  one  can  postulate  that  the  layup  ratio  chosen  for  the  AUSS  model-scale  GRP 
cylinder  is  too  low.  A  higher  layup  ratio  would  increase  resistance  to  circumferential 
buckling  anr1  material  failure  in  hoop  direction,  the  prime  modes  of  failure,  without 
significantly  decreasing  the  resistance  to  axial  buckling  and  material  failure  in  axial 
direction,  a  poterdial  secondary  mode  of  failure. 


Table  B-4.  Calculated*  stresses  and  moduli  of  elasticity  in  glass-fiber-reinforced 
plastic  (GRP)  model-scale  AUSS  pressure-hull  cylinder. 


Calculation  of  Moduli: 

Hook’s  Law  for  an  othrotropic  material  in  cylindrical  coordinates  is  as  follows: 

Strn(c)  a  1/E(c)  (Strs(c)  -  V(c2)  Strs(z)  -  V(cr)  Stm(r)J 
Strn(z)  =  1/E(z)  (Strs(z)  -  V(zc)  Strs(c)  -  V(zr)  Stm(r)] 

Strn(r)  =  1/E(r)  (Strs(r)  -  V(rc)  Strs(c)  -  V{rz)  Stm(z)] 


Initial  Data: 

Outside  Radius.  R(o)  = 

Inside  Radius,  R(i) 

Pressure,  p  = 

Poisson  Ratio,  V(cz)  = 

Poisson  Ratio.  V(zc)  = 

Poisson  Ratio,  V(rc)  = 

Poisson  Ratio,  V(cr)  = 

Poisson  Ratio.  V(zr)  = 

°oisson  Ratio,  V(rz)  = 

Average  Strains  in  Hoop  Direct.  @  0.5L,  Strn(c) 
Average  Strains  in  Axial  Direct.  @  0.5L,  Stm(z) 


3.22  in. 

2.66  in. 

10000  Ib/in2 
0.145 
0.107 
0.124 
0.256 
0.275 
0.180 

7592  u  in/in 
3608  u  in/in 


Stresses  in  thick-walled  cylinder: 

Strs(ci)  =  {  2  R2  (o)  p  }  /  {  R2  (o)  -  R2  (i)  } 

Strs(co)  *  {R2  (o)  +  R2  (i)  *  p}  /  {  R2  (o)  -  R*  (i)  } 

Strs(zi)  =  (R2  (o)  p}  /  {  R2  (o)  -  R2  (i)  } 

Strs(zo)  =  {R2  (o)  p}  /  {  R2  (o)  -  R2  (i)  } 

Strs(ri)  = 

Strs(ro)  = 


62976  Ib/in2 
52976  Ib/in2 
31488  Ib/in2 

31488  Ib/in2 
0  Ib/in2 
10000  Ib/in2 


Calculated  Moduli  from  Strains: 

Modulus  in  the  hoop  direction  at  inside  of  the  cylinder.  E(ci)  = 

E(cl)  =  1/Stm(ci)  (Strs(ci)  -  V(cz)  Strs(zi)  -  V(cr)  Stm(ri)] 

=  7.69E+06  Ib/ir^/in/in 

Modulus  in  the  axial  direction  at  inside  of  the  cylinder,  E(zi)  a 
E(zl)  =  1/Stm(zi)  (Strs(zi)  -  V(zc)  Strs(ci)  -  V(zr)  Stm(ri)) 
=  6.86E+06  Ib/inz/in/in 


*  Calculations  are  based  on  average  hoop  and  axial  strains  measured  on  the  interior  surface  of 
AUSS  model-scale  pressure  hull  cylinder  subjected  to  10,000  psi  external  hydrostatic  pressure 
loading. 


COMPARISON  OF  TEST  DATA  FROM  GRP  AND  GFFP 

CYLINDERS 


When  one  compares  strains  recorded  during  hydrostatic  testing  of  GFRP 
cylinder  (Appendix  A)  with  strains  recorded  on  the  GRP  cylinder,  several  interesting 
observations  can  be  made. 

(1)  The  titanium  hemispherical  end  supports  are  better  matched  to  GFRP  than 
GRP  cylinders,  as  evidenced  by  the  fact  that  the  hoop  strains  at  midbay  and  at 
ends  of  GFRP  cylinder  (Table  B-5,  Figures  B-16  and  B-17)  are  approximately 
the  same  magnitude  while  in  the  GRP  cylinder  they  differ  significantly  (Table 
B-6,  Figures  B-14  and  B-15). 

(2)  The  hoop  and  axial  strains  in  the  GFRP  cylinder  are  fairly  well  matched  while 
those  in  the  GRP  cylinder  differ  by  a  factor  of  two.  This  would  seem  to 
indicate  that  the  2.19:1  layup  ratio  in  GFRP  cylinder  is  close  to  optimum 
value  while  the  2:1  layup  ratio  in  GRP  cylinder  is  far  from  optimum; 
increasing  the  layup  ratio  in  the  GFRP  cylinder  to  2.5:1  would  probably 
optimize  graphite-fiber-reinforced  composite  cylinders  for  external  pressure. 

In  GRP  cylinders,  the  layup  ratio  needs  to  be  increased  to  at  least  3:1  before 
the  hoop  and  axial  strains  start  approaching  in  magnitude. 

(3)  The  effective  moduli  of  elasticity  in  GFRP  cylinder  differ  by,  approximately,  a 
factor  of  two  indicating  a  well  balanced  design  that  maximizes  circumferential 
resistance  to  buckling  while  at  the  same  time  providing  adequate  resistance  to 
axial  buckling  (Table  B-7).  This  is  not  the  case  with  GRP  cylinder  where  the 
effective  moduli  in  hoop  and  axial  directions  are  close  to  being  the  same 
(Table  B-3).  The  design  of  the  GRP  cylinder  can  be  significantly  improved  by 
placing  more  fibers  in  the  hoop  direction  which  would  raise  the  circumferen¬ 
tial  resistance  to  buckling,  while  still  providing  adequate  resistance  to  axial 
buckling. 

(4)  The  performance  of  the  GRP  cylinder  was  superior  to  that  of  GFRP  cylinder, 
as  shown  by  its  ability  to  withstand  17,500  psi  of  external  pressure  without 
implosion.  The  GFRP  cylinder  imploded  at  12,600  psi.  This  large  disparity  in 
critical  pressures  is  amazing,  when  one  considers  that  the  2.19:1  layup  ratio  of 
the  GFRP  cylinder  was  close  to  the  optimum  value  for  graphite-fiber- 
reinforced  cylinders  under  external  pressure,  while  the  2:1  layup  ratio  of  the 
GRP  cylinder  was  far  from  the  optimum  value  for  glass-fiber-reinforced 
cylinders. 
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Table  B-5.  Predicted  strains  on  the  interior  surfaces  of  AUSS  model-scale  pressure-hull 
cylinder  at  10,000-psi  external  hydrostatic  pressure  loading. 

AUSS  Model-Scale  GFRP  Pressure-Hull  Cylinder 

LAMINATE  MID-PLANE  STRAINS  AND  CURVATURES 


APPLIED  LOADING  LOAD  INDUCED  TEMPERATURE  INDUCED 

response  response 


N  XX  = 

-1.0000D  +  03 

exx  = 

-5.1757D-05 

exx  = 

O.OOOOD  +  OO 

Nyy  = 

-5.0000D  +  02 

eyy  = 

-4.6469D-05 

eyy  = 

O.OOOOD  +  OO 

Nxy  = 

0.00000  +  00 

exy  - 

1.04100-26 

exy  = 

O.OOOOD  +  OO 

M  xx  = 

0.00000  +  00 

k  xx  = 

6.1032D-12 

kxx  = 

O.OOOOD  +  OO 

Myy  = 

O.OOOOD+OO 

kyy  = 

3.4303D-1 1 

kyy  = 

O.OOOOD  +  OO 

Mxy  = 

0.00000  +  00 

kxy  = 

-6.9863D-19 

kxy  = 

O.OOOOD  +  OO 

AUSS  Model-Scale  GRP  Pressure-Hull  Cylinder 

LAMINATE  MIDPLANE  STRAINS  AND  CURVATURES 


LOAD  INDUCED 
response 


TEMPERATURE  INDUCED 
response 


APPLIED  LOADING 


Nxx  = 

-1 .00000  +  03 

Nyy  = 

-5.00000+02 

Nxy  = 

0  00000  +  00 

Mxx  = 

0.00000  +  00 

Myy  = 

0.00000  +  00 

Mxy  = 

O.OOOOD  +  OO 

exx  = 

-1.1063D-04 

eyy  = 

-5.341 3D-05 

exy  = 

3.71320-28 

kxx  = 

1.63500-11 

kyy  = 

1.31140-11 

kxy  = 

-2.491 9D-20 

exx  = 

O.OOOOD  +  OO 

eyy  = 

O.OOOOD  +  OO 

exy  = 

O.OOOOD  +  OO 

kxx  = 

O.OOOOD  +  OO 

kyy  = 

O.OOOOD  +  OO 

kxy  = 

O.OOOOD  +  OO 

YY  =  AXIAL  ORIENTATION 
XX  =  HOOP  ORIENTATION 


Table  B-6.  Strains  on  the  interior  surface  of  AUSS  model-scale  pressure-hull  cylinder 
made  of  graphite-fiber-reinforced  plastic. 


:<— —  - 

- - - - 

P rasaur# 

0KC  1 

GflGE  2 

6RGE  3 

ensc  4 

GAGE  S 

<PS!> 

fatal 

noop 

fatal  Hoop 

fatal 

Hoop 

fatal 

Hoop 

fatal 

Hoop 

0 

0 

0 

0  0 

0 

0 

0 

0 

0 

0 

1000 

-334 

-358 

-325  -376 

-326 

-379 

-338 

-391 

-336 

-402 

2000 

-60S 

-746 

-688  -764 

•668 

-767 

-678 

-783 

-689 

-009 

3000 

-1025 

-1122 

-997  -1141 

-996 

-1138 

-999 

-1157 

-1013 

-1105 

4000 

-1362 

-1489 

-1320  -1505 

-1312 

-1500 

-1315 

-1526 

-1338 

-1364 

5000 

-1713 

-1879 

-1663  -1900 

-1655 

-1894 

-1656 

-192? 

-1689 

-1975 

6000 

-2064 

-2271 

-2008  -2299 

-2001 

-2291 

-2000 

-2330 

-2041 

-2391 

7000 

-2416 

-2666 

-2354  -2700 

-2347 

-2691 

-2343 

-2735 

-2394 

-2812 

0000 

-2790 

-3084 

-2770  -3127 

-2714 

-3115 

-2707 

-3164 

-2766 

-3260 

9000 

-3156 

-3510 

-3099  -3573 

-3095 

-3560 

-3086 

-3611 

-3154 

-3733 

toooo 

-3498 

-3881 

-3418  -39S1 

-3415 

-3935 

-3403 

-398? 

'34?? 

-4135 

OWE 

6 

GfaE  7 

GfaE  a 

GAGE 

* 

gage 

10 

<PS!> 

flui.il 

Hoop 

fatal  Hoop 

flutal 

Hoop 

fatal 

Hoop 

fatal 

Hoop 

0 

0 

0 

0  0 

0 

0 

a 

0 

0 

0 

1000 

-341 

-407 

-345  -398 

-340 

-392 

-330 

-303 

-33? 

-370 

2000 

-689 

-815 

-694  -001 

-682 

-796 

-6?2 

-787 

-63i} 

-760 

3000 

-1009 

-1193 

-1017  -U76 

-938 

-1171 

-983 

-1162 

-925 

-1120 

4000 

-1332 

-1574 

-1341  -1552 

-1315 

-1548 

-1295 

-1538 

-1218 

-1482 

5000 

-1679 

-1987 

-1690  -1959 

-1656 

-1956 

-1631 

-1945 

-1535 

-1873 

6000 

-2030 

-2405 

-2043  -2372 

-2001 

-2370 

-1971 

-2359 

-105? 

-22*9 

7000 

-2380 

-2827 

-2396  -  2709 

-2346 

-278? 

-23U 

-2774 

-2180 

-2666 

8000 

-2753 

-3278 

-2771  -3235 

— 27 1  ? 

-3233 

-2672 

-32  te 

-2521 

-30-W 

9000 

-3138 

-3751 

-3160  -3702 

-3093 

-3701 

-3046 

-3682 

-2072 

-3571 

toooo 

-3462 

-4155 

-3487  -4099 

-3*12 

-4098 

-3359 

-40?? 

-3166 

-390S 

r*B€$suoe  huh.: 

Sc* I*  Factor: 

Oiaa#l*r: 
tnaida  Oiaaatar: 
langth: 

(without  «-d  riryjal; 
Hat^hl  <wtlh  and  ring *); 


4.8S 
6.360  in 
S.  320  in 
13.40  in 
7  0  16* 

7  8  lb* 


INSrWJWNTATION: 

90  Oagraa*  Ctft-13-125MT-350 

Gag#  Fee lor:  2. 165 
Gag#  St*a:  1/8  inch 

TEST  COOITIOH: 

Cylirular  and  ring*  radially  aupportad  by  Titaniua 
haatapharieal  and  ctoaura* 


t 


•  •  •  • 
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Table  B-7.  Calculated*  stresses  and  moduli  of  elasticity  in  graphite-fiber-reinforced 
plastic  (GFRP)  model-scale  AUSS  pressure-hull  cylinder. 


Calculation  of  Moduli: 

Hook's  Law  for  an  othrotropic  material  in  cylindrical  coordinates  is  as  follows: 

Strn(c)  =  1/E(c)  [Strs(c)  -  V(cz)  Strs(z)  -  V(cr)  Strn(r)] 

Stm{z)  =  1/E(z)  [Strs(z)  -  V(zc)  Strs(c)  -  V(zr)  Strn(r)] 

Strn(r)  =  1/E(r)  [Strs(r)  -  V(rc)  Strs(c)  -  V(rz)  Strn(z)) 


Initial  Data: 

Outside  Radius,  R(o)  = 

Inside  Radius,  R(i)  = 

Pressure,  p  = 

Poisson  Ratio,  V(cz)  = 

Poisson  Ratio,  V(zc)  = 

Poisson  Ratio,  V(rc)  = 

Poisson  Ratio,  V(cr)  = 

Poisson  Ratio,  V(zr)  = 

Poisson  Ratio,  V(rz)  = 

Averaoe  Strains  in  Hoop  Direct.  @  0.5L,  Strn(c) 
Average  Strains  in  Axial  Direct.  @  Q.5L,  Stm(z) 


3.182  in. 

2.66  in. 

10000  lb/in2 

0.052 

0.028 

0.040 

0.393 

0.386 

0.072 

3922  u  in/in 
3444  u  in/in 


Stresses  in  thick-walled  cylinder: 

Strs(ci)  =  {  2  R2  (o)  p  }  /  {  R2  (o)  -  R2  (i)  } 

Strs(co)  =  {R2  (o)  +  R2  (i)  *  p}  /  {  R2  (o)  -  R2  (i)  } 

Strs(zi)  =  {R2  (o)  p}  /  {  R2  (o)  -  R2  (i)  } 

Strs(zo)  =  {R2  (o)  p}  /  {  R2  (o)  -  R2  (i)  } 

Strs(ri)  = 

Strs(ro)  = 


66405  lb/in2 
56405  lb/in2 
33202  lb/in2 

33202  lb/in2 
0  lb/in2 
10000  lb/in2 


Calculated  Moduli  from  Strains: 

Modulus  in  the  hoop  direction  at  inside  of  the  cylinder,  E(ci)  = 
E(ci)  =  1/Stm(ci)  {Strs(ci)  -  V(cz)  Strs(zi)  -  V(cr)  Strn(ri)  J 
=  1 .65E+07  Ib/irF/in/in 

Modulus  in  the  axial  direction  at  inside  of  the  cylinder,  E(zi)  = 

E(zi)  =  1  /Strn(xi)  (Strs(zi)  -  V(zc)  Strs(ci)  -  V(zr)  Stm(ri)J 
»  9.10E+06  lb/in*/in/in 


*  Calculations  are  based  on  average  hoop  and  axial  strains  rmasund  on  the  interior  surface  of 
AUSS  model-scale  pressure-hull  cylinder  subjected  to  10.000-psi  external  hydrostatic  pressure 
loading. 
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DISCUSSION 


Since  both  cylinders  were  fabricated  by  the  same  team  at  Martin  Marietta 
Energy  Systems  of  Oak  Ridge,  TN,  using  the  same  epoxy  resin  system,  winding 
equipment,  and  mandrels,  one  can  postulate  that  the  only  reason  for  the  large 
disparity  in  critical  pressures  is  inherent  to  the  fiber  material  itself  (i.e.,  S2  glass 
fibers  are  better  suited  to  carry  compressive  stresses  than  IM6  graphite  fiber).  If  this 
is  the  case,  it  may  be  feasible  for  a  GRP  cylinder  to  match  the  weight  of  a  GFRP 
cylinder  by  increasing  the  thickness  of  the  GFRP  cylinder  until  it  also  implodes  above 
17,500  psi,  which  would  be  due  to  material  failure.  If  such  an  approach  is  taken,  the 
weight-to-displacement  ratio  of  both  GRP  and  GiTRP  cylinders  would  be  approxi¬ 
mately  the  same  (about  0.625).  For  many  applicat  'ons,  including  AUSS,  such  a 
weight-to-displacement  ratio  is  not  acceptable,  and  a  different  approach  would  have 
to  be  taken. 

A  less  conservative  approach  would  be  to  reduce  the  critical  pressure  require¬ 
ment  for  all  composite  pressure  hulls  on  unmanned  vehicles  with  20,000-foot  design 
depth.  In  such  a  case,  the  critical  pressure  of  the  GRP  cylinder  could  be  reduced  until 
it  matches  that  of  the  AUSS  model-scale  GFRP  cylinder.  This  would  be  accomplished 
by  reducing  the  thickness  of  the  GRP  cylinder  until  its  critical  pressure  due  to 
material  failure  decreases  to  12,600  psi.  Because  of  reduced  thickness,  the  weight-to- 
displacement  ratio  of  the  cylinder  would  decrease  to  about  0.415,  the  same  ratio  as 
the  GFRP  cylinder. 


CONCLUSIONS 

The  structural  performance  of  the  GRP  model-scale  AUSS  cylinder  was 
significantly  superior  to  that  of  a  GFRP  cylinder  of  identical  dimensions  (Table  B-8). 
The  GRP  model-scale  AUSS  cylinder  met  the  18,000-psi  critical  pressure  requirement 
specified  by  NSRDC  for  composite  pressure  hulls  with  9,000-psi  design  pressure, 
while  the  GFRP  cylinder,  which  failed  at  12,600  psi,  did  not  meet  this  requirement. 

There  appears  to  be  higher  potential  payoff  for  the  U.S.  Navy  to  focus  the 
composite  pressure-hull  development  program  on  GRP  rather  than  GFRP  composite 
since  glass  fibers  seem  to  be  better  suited  for  carrying  compressive  stresses  than 
graphite  fibers  in  epoxy  matrices  of  external  pressure  hulls  in  underwater  vehicles. 


RECOMMENDATIONS 

An  experimental  program  should  be  initiated  for  design  and  winding  of  AUSS 
pressure-hull  GRP  cylinders  with  the  same  weight-to-displacement  ratio  as  the 
existing  GFRP  cylinder. 


Table  B-8.  Test  results  of  subseale  models  of  AUSS  cylinder, 


SUBSCALE 
MODEL  1 


MATERIAL  SYSTEMS 


IM6/2258 


MODELS 


SUBSCALE 
MODEL  2 


S 2/2254 


FIBER  ORIENTATION 


(90° /0°) 


(90V0*) 


FIBER  DISTRIBUTION 


2.5:1  FIRST  40*  OF  T 
2.0:1  LAST  SO4*  OF  T 


2.0:1 

FULL  THICKNESS 


FIBER  CONTENT  BY  VOLUME 


60S 


14.9% 


FABRICATION  PROCESS 

NUMBER  OF  CURE  CYCLES 

DIMENSIONS.  ID: 

THICKNESS:  LENGTH 

WEIGHT  OF  THE  CYLINDER  (LB) 
|  W/O  RATIO 

•  CLYLINDER  ONLY 

•  WITH  Tl  END-RINGS 

•  WITH  Tl  END-RINGS 
AND  HEMI-HEADS 

MAXIMUM  PRESSURE.  PSI 


WET  WINDING 
3 

5.30".  0.52";  13.4" 


7.0 


0.415 

0.480 

0.529 


12.600 


WET  WINDING 
2 

5.30“;  0.52":  114" 

10.4 

1626 

0.685 

0.695 

17.500 


MAXIMUM  STRESSES.  PSI 

CALCULATED  MODULI.  PSI 

*  HOOP  DIRECTION 

•  AXIAL  DIRECTION 


83.674 


16.500.000 

1100.000 


111214 

7.690.000 

1860.000 


AVERAGE  PLY  THICKNESS.  IN 

♦  HOOP  DIRECTION 

•  AXIAL  DIRECTION 


REMARKS 


TESTING  CONFIGURATIONS 


0.014 


MODEL  FAILED 


MODEL  WAS  PRESSURE  CYCLED 
100  TIMES  WITH  TITANIUM  HEMI- 
HEADS  TO  1000  PSI  AND  THEN 
TESTEO  TO  FAILURE  WITH  FLAT 
PLATE  END  CLOSURES 


1024 

1012 


MODEL  IS  NOT 
BROKEN  YET 


MODEL  WAS  TESTED  WITH 
TITANIUM  HEMIHEADS  TO 
1000  PSI  AND  THEN  TESTEO 
TO  FAILURE  WITH  FLAT 
PLATE  ENO  CLOSURES 


B-13 


•  •  • 


B-15 

to 


Wgur*  I  J.  Winding  arrangem an*  used  in  fabrication  of  AUSS  model-scale  pressue-hull  cylinders. 


END  CLOSURE 
PENETRATOR 


ORING 


Strains  on  the  interior  surface  of  AUSS  model-scale  pressure-hull  GFRP  cylinder. 


